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Entomopathogenic nematodes are used as biocontrol agents. To understand 
their diversity, a survey was undertaken in Portugal. Five species, namely 
Steinernema feltiae, S. intermedium, S. kraussei, Steinernema sp. and 
Heterorhabditis bacteriophora were identified. The ITS, 28S rRNA D2D3 region, 
COXI and cytb sequences, used to study the genetic diversity of the two most 
abundant species, S. feltiae and H. bacteriophora, showed no significant 
differences among the isolates. 
Bursaphelenchus xylophilus causes severe disease in pine trees and was 
detected for the first time in Europe and in Portugal in 1999. To evaluate the 
genetic diversity of Portuguese isolates and identify disease spread pathways, 
the sequence of 5.8S rRNA IGS region, cytb and cellulase genes, combined 
with ISSR fingerprints were used. ISSR fingerprints show a high genetic 
variability among recent Portuguese isolates, suggesting the possibility of a new 
introduction. Phylogenetic trees based on cellulase and cytb genes suggests an 





“Diversidade genética dos nemátodes entomopatogénicos 
(Nematoda: Steinernematidae e Heterorhabditidae) e do 
nemátode Bursaphelenchus xylophilus (Nematoda: 
Aphelenchoididade) em Portugal continental” 
Os nematodes entomopatogénicos são utilizados como agentes de controlo 
biológico. Para compreender a sua diversidade, foi realizada uma prospecção 
em Portugal. Cinco espécies, nomeadamente Steinernema feltiae, S. 
intermedium, S. kraussei, Steinernema sp. e Heterorhabditis bacteriophora 
foram identificadas. As sequências de ITS, região D2D3 do 28S rRNA, COXI e 
cytb foram utilizadas para estudar a diversidade genética das duas espécies 
mais abundantes, S. feltiae and H. bacteriophora, não tendo sido encontradas 
diferenças significativas entre isolados. 
O nemátode da madeira do pinheiro, Bursaphelenchus xylophilus, provoca  
doença nos pinheiros tendo sido detectada pela primeira vez na Europa e em 
Portugal em 1999. Para avaliar a diversidade genética dos isolados 
Portugueses e identificar o padrão de propagação da doença, foram utilizadas 
a sequência da região IGS do 5.8S rRNA, e os genes cytb e cellulase, 
combinados com os padrões ISSR. Os padrões de ISSR mostraram elevada 
diversidade genética entre os recentes isolados Portugueses, sugerindo a 
possibilidade de uma nova introdução. As árvores filogenéticas dos genes da 
celulase e cytb sugeriram uma origem Asiática para os isolados Portugueses. 
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Chapter I. General introduction 
I.1. General Introduction 
Nematodes are simple roundworms belonging to the Phylum Nematoda, the 
most diverse phylum of pseudocoelomates, and one of the most diverse of all 
animals. They are considered the most abundant group of metazoan in the 
biosphere, representing 80% of all metazoan animals (Lambshead, 1993). 
Nematodes are unsegmented organisms, with no appendages, including free-
living, predaceous, or parasitic organisms. Several parasitic nematodes cause 
serious diseases in plants, animals and also in humans. Others are beneficial, 
due to their potential as biocontrol agents in the control of insect pests. 
Nematodes are well succeeded organisms, a fact demonstrated by the high 
species diversity. They are successfully adapted to nearly every ecosystem 
from marine to fresh water, from the polar regions to the tropics, as well as from 
the highest to the lowest of altitudes. They can be found in locations as diverse 
as mountains, deserts, oceanic trenches, and within the earth's lithosphere. The 
effects on Man, animals and agricultural management are significative. 
Nematodes include organisms that have beneficial effects, such as the 
entomopathogenic nematode (EPN) Steinernema feltiae (Simões et al., 1994; 
Rosa and Simões, 2004), but also capable of causing serious economic and 
ecological impacts, like Bursaphelenchus xylophilus, the pinewood nematode 
(PWN). Parasitic nematodes of plants and insects, belong to the order 
Rhabditida. They can parasite insects – entomopathogenic nematodes, while 
others such as B. xylophilus – are mycophagous. In the present work, EPN and 
PWN were studied due to their economical importance in ecosystems, 
nationally and worldwide. 
The order Rhabditida comprises many families, including Steinernematidae and 
Heterorhabditidae, commonly referred EPN. These multicelular metazoans 
possess an optimal balance of biological attributes and occupy a biocontrol 
middle ground between microbial pathogens and predators/parasitoids, and are 
frequently lumped with pathogens, presumably because of their symbiotic 





insect pests, yet are safe for plants and animals. Most of the currently used 
biological control agents require days or weeks to kill their hosts, while EPN, 
working with their symbiotic bacteria, can kill insects within 24-48 hours. Dozens 
of different insect pests are susceptible to EPN infection, but no adverse effects 
have been shown against beneficial insects or other non-targets in field studies 
(Georgis et al., 1991; Ahkurst and Smith, 2002). EPN are able to be mass 
produced and do not require specialized application equipment as they are 
compatible with standart agrochemical equipment, including various sprayers 
and irrigation systems. As no information was available to continental Portugal 
about EPN, a national survey was undertaken from 2006-2009 to determine the 
indigenous species of the country, and to determine the genetic diversity of 
species. 
B. xylophilus (Steiner and Bührer, 1934; Fuchs, 1937; Nickle, 1970) is 
indigenous from North America and is widespread in natural coniferous forests 
in Canada and in the USA (Sutherland and Peterson, 1999). Presently, B. 
xylophilus is considered one of the most important pests and pathogens in the 
world (Mota and Vieira, 2008). The general fear of establishment of this pest 
into countries, where conifer forests assume great importance, stems from the 
devastating damage caused by this nematode to pine forests (Mamiya, 2004; 
Shin et al., 2006). The introduction of pinewood nematode (PWN) into non-
native areas (outside North America) is primarily associated with trade and the 
global flow of the forest products (Bergdahl and Halik, 1999; Webster, 2004), 
resulting in huge annual losses due to the increased mortality and growth loss 
of the pine forest, and to the increased costs in management procedures and 
disease control (Mamiya, 2004; Shimazu, 2006). In 1999, the PWN was 
reported for the first time in Portugal and in Europe (Mota et al., 1999), and 
more recently in Madeira Island (Fonseca et al., 2012). Recently, it was 
detected in Spain as well (Abelleira et al., 2011; Robertson et al., 2011). 
Therefore, it is of major importance to determine the origin of the new isolates 
and their spread routes, to prevent further dissemination of the disease. Due to 
the importance of this nematode to the national economy, the present study 
attempted to understand the genetic diversity of Portuguese populations and 





In conclusion, among nematodes we can find species that represent serious 
problems to ecological ecosystems with huge economic impacts, like B. 
xylophilus, but also nematodes that have benificial effects under the ecosystem 
stability avoiding the use of insecticides to control natural insect pests, like EPN. 
In this study, a national survey of nematodes, B. xylophilus and EPN were 
undertaken and their genetic diversity studied with the goal of understanding the 
spread of B. xylophilus disease and the biodiversity of Steinernematidae and 
Heterorhabditidae species in continental Portugal.  
The understanding and knowledgement of the native biodiversity of EPN in 
Portugal may represent a possibility to use these nematodes in the biological 
control of the insect vector of B. xylophilus, because so far it has been proved 
that is impossible to control B. xylophilus once introduced into a tree. Previous 
studies in Japan, as already try the use of S. carpocapsae to control the insect 
vector of PWN, with some promisor results (Phan, 2008). 
The present work represents an innovation since it is the first time that EPN 
were surveyed in continental Portugal and the genetic diversity of species were 
analyzed and simultaneously it represents an intensive study using different 
geographic Portuguese isolates of B. xylophilus, using different molecular 
markers, with the goal of understanding the genetic diversity and spread 
pathways within Portugal. This was also the first study employing cytb and 
cellulase genes to characterize PWN populations. It also represents the most 
systematic and extensive survey made for the first time in continental Portugal 
to evaluate the indigenous species of EPN.  
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Chapter II. Objectives and thesis organization  
II.1. Aims of this thesis 
Entomopathogenic nematodes (EPN) of the families Steinernematidae and 
Heterorhabditidae are lethal parasites of some insects and a potential 
alternative to insecticides, since they present excellent qualities as biocontrol 
agents. This biological attribute makes the characterization and study of their 
genetic diversity extremely important since new species and/or isolates may be 
useful to be used as biological control agents against agriculturally important 
pests. The main goals in this subject were: 
1. Perform a national survey in continental Portugal to evaluate the 
biodiversity of EPN; 
2. Identify the occurring species using molecular techniques; 
3. Determine the genetic diversity of species with different molecular 
markers. 
The diversity and distribution of EPN was studied in continental Portugal from 
2006 until 2009, throughout the five NUT (National Units of Territory) of the 
country, covering both natural and agricultural habitats. Soil samples were 
tested for the presence of nematodes by means of baiting with the larvae 
Galleria mellonella. Genetic studies used genetic markers, namely, D2D3 
region from 28S, internal transcribed spacer (ITS) from ribosomal DNA and 
cytochrome c oxidase subunit I gene (COXI) and the gene cytochrome b (cytb) 
from mitochondrial DNA, to identify species and to study their genetic diversity. 
B. xylophilus was detected in Portugal for the first time in 1999 (Mota et al., 
1999), causing serious damages in Pinus pinaster forests since that time. 
Presently, pine wilt disease (PWD), spreads to different parts of the country and 
recently, it has also been found in Madeira Island (Fonseca et al., 2012). The 
importance of this nematode to the national economy, stressed the need to 
understand the genetic diversity of Portuguese populations and determine the 




introduction and spread pathways of the disease. The main goal of the present 
work was: 
1. Characterize the different geographic populations from continental 
Portugal and Madeira Island in order to understand the possible origin of 
the new outbreaks of the disease. For that propose several genetic 
markers were used, namely, IGS (intergenic spacers), cytb and cellulase 
genes and the ISSR fingerprints. 
 
II.2. Thesis structure 
This thesis includes seven chapters, with a listing of the bibliographic 
references presented at the end of each chapter. The results are presented in 
Chapter IV and Chapter VI in the form of six scientific papers (corresponding to 
sub-chapters), following the chronological order in which they were submitted 
and/or accepted for publication. These sub-chapters should be addressed as 
interdependent and integrated units, with the studies of the last papers already 
taking into consideration the results of the previous ones. 
All published papers have been peer-reviewed international journals, and each 
following the journal´s specific guidelines. Although presenting different 
formatting, all papers include an introduction, description of material and 
methods, result, discussion of the results and the cited literature.  
Chapter I is a general introduction presenting the subject of this thesis and the 
importance of study two different groups of nematodes, EPN and PWN. 
Chapter II presents the aims and thesis structure. 
Chapter III reviews the current literature on entomopathogenic nematodes, 
namely its current taxonomy, morphological characterization, geographic 
distribution, species diversity, general bio-ecology and life cycle and molecular 





Chapter IV presents the studies on the EPN national survey in continental 
Portugal, and is divided in four sub-chapters: 
Sub-chapter IV.1 represents the first report of an entomopathogenic nematode 
in continental Portugal, Steinernema feltiae, based on molecular data, 
sequences of internal transcribed spacer (ITS) region from ribosomal DNA. 
Sub-chapter IV.2 is the first report of the genus Heterorhabditis (H. 
bacteriophora) in continental Portugal, based on morphological characters and 
ITS sequence.  
Sub-chapter IV.3 reports the identification of three species of EPN for 
continental Portugal (S. kraussei, S. intermedium and an undescribed species 
Steinernema sp.) based on molecular sequence of ITS, and D2D3 region from 
28S from ribosomal DNA and a gene from mitochondrial DNA, cytochrome c 
oxidase subunit I (COXI) as well as, morphological and morphobiometric 
analysis. 
Sub-chapter IV.4 describes the study of genetic diversity of the two most 
abundant species in continental Portugal: S. feltiae and H. bacteriophora based 
on ITS, D2D3 region from 28S, COXI and cytochrome b (cytb). It also evaluates 
the possibility of abiotic/biotic factors influence the distribution of these species.  
Chapter V reviews the current literature on Bursaphelenchus xylophilus, namely 
its current taxonomy, morphological characterization, geographic distribution, 
general bio-ecology and molecular methods used in the study of genetic 
diversity of PWN. 
Chapter VI presents the studies on B. xylophilus geographic populations from 
continental Portugal and Madeira Island, and is divided in two sub-chapters: 
Sub-chapter VI.1 studies the genetic diversity of B. xylophilus geographic 
populations from continental Portugal and Madeira Island trying to understand 
the possible origin of the new outbreaks of the disease and the widespread 
patterns of B. xylophilus isolates. 




Sub-chapter VI.2 is based on the characterization of PWN Portuguese 
populations, from continental Portugal and Madeira Island, using cytb and 
cellulase gene sequences. Cytb and cellulase sequences were compared with 
sequences from B. xylophilus from other countries, such as USA, Japan, China 
and South Korea, in order to understand the possible origin of the new 
outbreaks of the disease in continental Portugal and Madeira Island. 
Chapter VII comprehends the discussion of the results from the previous 
chapters and publications referring the most important data and conclusions. A 
general conclusion of the results from the present thesis together with future 
perspectives and further studies that can be undertaken, are also referred.  
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Chapter III: State of the art of entomopathogenic nematodes – 
Families Steinernematidae and Heterorhabditidae 
III.1. Foreword 
Entomopathogenic nematodes (EPN) inhabit a large diversity of soil habitats 
being worldwide distributed. EPN have an association with symbiotic bacteria, 
causing insect death, thus the designation of EPN. These nematodes belong to 
the families Steinernematidae and Heterorhabditidae, being currently used as 
biological agents on integrated management projects. Nematodes parasites of 
insects are known since the XVIIth century and include more than 30 families 
(Grewal et al., 2005). With the advent of synthetic insecticides in the 1950s, 
easy control of insect pests appeared at hand. However, it soon became 
obvious that there were problems associated with their use. Some insect pests 
became resistant, and some non-target organisms were adversely affected, and 
pest resurgence occurred. Additionally, environmental and health concerns 
arose.  
All insect pests have natural enemies. Conservation of natural enemies is 
probably the most important biological control practice readly available. Through 
the use of selective insecticides and the judicious use of broader spectrum 
materials, natural enemies can exist and exert their impact on pest populations. 
EPN have a great potential in biological control, because they are parasites and 
pathogens. They are good candidates to biological control since, according to 
Poinar (1979): they carry symbiotic bacteria that are released inside the insect 
host haemocoel; they can parasitize many different orders and families of 
insects; they are easily produced in a large scale; they can kill an insect in 48h; 
their third-stage infective juvenile (IJ), is a free-living stage and can remain in 
the soil during long periods of time, under extreme conditions, until they find a 
suitable host; EPN can be stored during long periods of time and they are not 
damaging for plants or animals. The interest in the use of these nematodes as 
biological pest control agents has increased exponentially over the past two 
decades and their success made them now commercially mass-produced in six 
of the seven continents to treat pest problems in agriculture, veterinary, 
horticulture, forestry and health (Grewal et al., 2005). 




Much more emphasis needs to be placed on investigating indigenous natural 
enemies and their impact on the pests they attack. With this information it may 
be possible to enhance the efficacy of natural enemies through manipulation of 
the crop habitat, changes in cultural practices, or changes in pesticide 
application practices (Hoffmann and Frodsham, 1993). 
Along with the large diversity of cultivated crops, Portugal has a huge diversity 
of insect pests, which cause serious economic damage. In agriculture, insects 
are of great interest and farmers often have to use insecticides to protect their 
crops. Insects, on the other hand, are ever more resistant to insecticides 
(Ahmad et al., 2003), and farmers need to apply greater amounts of these 
products and use more toxic insecticides. With this, the environment becomes 
more polluted and the concentration of toxic chemicals in nature’s food chain 
increases. Insecticides can also kill natural enemies of insects (Delbeke et al., 
1997).  
The different species of both genera in the Steinernematidae and 
Heterorhabditidae look so similar that the use of molecular biology to distinguish 
between genera and species within each genus level became common, popular 
and easy, because they do not require a systematic taxonomist. In spite of 
excellent morphological keys (Nguyen and Hunt, 2007; Hominick et al., 1997), 
the requirements to make morphologically studies are so demanding due to the 
number  of specimens required and the different generations that can only be 
achieved using an insect vector to reproduce EPN and obtain the different 
generations. The recent advances in molecular biology can provide 
nematologists with additional tools for identifying, delimiting and representing 
species of entomopathogenic nematodes (Liu et al., 2000). Recent advances in 
molecular biology, allow the study of intraspecific genetic diversity, and the 
establishement of phylogenetic relationships between species. Currently, the 
most suitable approach, not only for assessing phylogenetic relationships, but 
also for species delimitation is the sequencing of different regions of the 






III.2. Taxonomy and Systematics of EPN 
There are only two families of EPN: the family Steinernematidae that includes 
two genera, Steinernema Travassos, 1927 (Poinar, 1990) and Neoaplectana 
Nguyen and Smart, 1994 (Nguyen and Smart, 1994) and the family 
Heterorhabditidae that includes a single genus, Heterorhabditis Poinar, 1976 
(Poinar, 1990). These nematodes have been surveyed in several countries and 
used as biocontrol agents against economically insect pests in various crops. 
Gotthold Steiner (1886-1961) identified the first entomopathogenic nematode, 
Aplectana (= Steinernema) kraussei (Steiner, 1923) giving major contributions 
to the systematics of nematodes parasites of insects, thus being considered the 
“father of entomopathogenic nematodes” (Poinar, 1990). Rudolf Glaser, 
produced EPN for the first time in solid medium (Glaser, 1931) and axenically 
(Glaser et al., 1940). In 1929, in New Jersey, he discovered a nematode 
parasitising the Japanese beetle, Popillia japonica and sent it to Steiner, who 
described it as Neoaplectana glaseri, today classified as S. glaseri (Steiner, 
1929).  
 
III.2.1. Family Steinernematidae Chitwood and Chitwood, 1937 
The first entomopathogenic nematode species, Aplectana kraussei, was 
described for the first time by Steiner (1923) and changed by Travassos (1927) 
to S. kraussei. After a few years, Chitwood and Chitwood raised the subfamily 
Steinernematidae to the family level (Chitwood and Chitwood, 1937). Presently, 
Nguyen and Hunt (2007) consider the family with two genera: Steinernema with 
more than 60 described species and Neosteinernema with just one species, N. 
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III.2.1.1 Genus Steinernema Chitwood and Chitwood, 1937 
Nematodes from genus Steinernema are obligate insect parasites, with the 
infective juveniles (IJ) carrying the symbiotic bacteria of the genus 
Xenorhabdus, in a special chamber in the ventricular part of the intestine. IJ or 
dauer larvae (third stage juvenile- J3) are the only free living stage in the soil. 
Both males and females are needed for reproduction (Nguyen and Hunt, 2007). 
Generally, they have two or three generations of amphimitic adults inside the 
host, and finally the J3 emerges from the insect cadaver searching for a new 
insect host. The anterior end is rounded or truncated and has normally six fused 
lips each one with a labial papillae (Fig.III.1) (Nguyen and Hunt, 2007). They 
usually have a typical rhabditoid esophagus and a perioral disc, with a slightly 
swollen metacorpus, an isthmus surrounding the nerve ring and a large basal 
bulb with reduced valve. Excretory pore opening distinct (Nguyen and Hunt, 
2007). 
Male morphological characters are the most important in the taxonomy of 
Steinernematidae. They are monorchic with single and reflexed testis. Spicules 
are paired and symmetrical, with a long gubernaculum and no bursa (Fig.III.1). 
The end of the tail is rounded, digitated or mucronated. The head is swollen or 
not, with four cephalic papillae and six labial papillae (Fig.III.1) (Nguyen and 
Hunt, 2007).  
Females are large, with variable size and do not have lateral fields. On the other 
hand, we may see the presence or absence of the epiptygma, a structure 
located in the vulva (Fig.III2.C). The tail tip has a small mucron that can be used 
as a diagnostic character (Fig.III2B). They have a distinct excretory pore, 
anterior to the nerve ring. The head is rounded or truncated, with six lips fused, 
completely or not. The reproductive system is didelphic, amphidelphic and 
reflexed, with the vulva mid–body, sometimes with a protuberance. Females are 
oviparous or ovoviviparous with the developing infective juveniles inside the 
body before emerging (Nguyen and Hunt, 2007). 
IJ have a head with four cephalic papillae and six or four labial papillae. The 




important character. Phasmids may be small, large or can be absent. In the 
third phase of IJ (J3) it can be observed the excretory pore before the nerve ring 
(Nguyen and Hunt, 2007).
Figure.III2. SEM micrographs of morphological structures of female of 
view showing labial and cephalic papillae; B, Tail with a mucron; C, Double
D, Vulva with a thick flap. Scale bar
Hunt, 2007). 
This genus is worldwide distributed and can be easily di
presence in the male of a small mucron in the tail and spicules with a 
The IJs can be identified by their length and the presence of the excretory pore 
in the anterior position (Poinar, 1990). Geographically
in North America, South America, Australia, New Zealand and Europe.
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Adults of this genus have prominent pha
Females are ovoviviparous, with the eggs hatching inside the female body. The 
juveniles became IJ before hatching from female. The tail is longer than body 
width at anus (Fig.III3B). There is no second generation female.
Males are smaller than females. The posterior region has one ventral and 13
pairs of genital papillae. Phasmids prominent and tail tip digitated. Spicule foot
shaped with the gubernaculum as long as the spicule (Fig.
The IJ are characterized for
phasmid and an elongated filiform tail, usually curved at the end (Fig.
This genus will not be mentioned further, because the only species was not 
diagnosis in the above mentioned 
references only referred to 
Type species: Neosteinernema longicurvicauda
Figure.III3. SEM micrographs of 
Female tail; C, Foot-shaped spicules and gubernaculum; D, Tail end with digitate tail tip; E, 
nema Nguyen and Smart, 1994 
smids located posterior to tail. 
 
III3C). 
 the presence of a swollen head (Fig.
studies and also because bibliographic 
Steinernema and Heterorhabditis genus.
 (Nguyen and Smart, 1994).

















Head of infective juvenile; F, tail of infective juvenile. Scale bars: A =12 µm, B =30 µm C = 23 
µm, D =5 µm, E =3 µm F = 17 µm. (From Nguyen and Hunt, 2007). 
 
III.2.2. Family Heterorhabditidae Poinar, 1976 










Adults from this genus present an anterior region with six well developed and 
separated lips, each one surrounding oral aperture and with terminal papillae. 
They have a symbiotic association with bacteria from the genus Photorhabdus 
that are located in the intestine. Once inside the body host these bacteria are 
bioluminescent. In this genus we may find both hermaphroditic and amphimitic 
females.  
In hermaphroditic females (first generation) (Fig.III4A), the head is truncated or 
slightly rounded, with six conical lips, well developed each of them with a 
terminal papilla. The vulva is median, surrounded by elliptical rings (Fig.III4B). 
Ovotestis is amphidelphic and reflexed. Females are oviparous, later becoming 
ovoviviparous. The reproductive system is amphidelphic and reflexed. The 
vulva is not functional for deposition of eggs, with the hatching occurring inside 





Males have one pair of spicules and a gubernaculum. Bursa is present with nine 
pairs of genital papillae and is similar in all species. Spicules and gubernaculum 
can be used as diagnostic characters. Males have just one reflexed testis. 
Spicules are paired, separated and slightly curved (Fig.III4E). The spicule head 
is shorter and gubernaculum usually as half long as spicule length (Fig.III4F). 
The bursa is present with nine pairs of genital papillae (Fig.III4D). 
In amphimictic females (second generation) (Fig.III4C) the vulva pattern is also 
a good diagnostic character as well as the spicule. Amphimictic females are 
similar to hermaphroditic ones, but smaller, having prominent labial papillae. 
IJ from third stage (J3) present a dorsal denticular formation in the anterior 
region used as a diagnostic character (Fig.III4I). J3 usually retains the cuticle of 
the second stage juvenile (J2) (Fig.III4G,H). The mouth and anus are closed. 
The excretory pore is anterior to the nerve ring. Symbiotic bacteria are found 
inside the intestine. Tail terminus pointed. 
Poinar (1976) described the family Heterorhabditidae when he described the 
type species Heterorhabditis bacteriophora. The family has only one genus, and 
all species are obligate insect parasites; the infective juveniles carry symbiotic 
bacteria of the genus Photorhabdus. 




Figure.III4. SEM micrographs of 
Vulval appearance; C, Face of amphimictic 
H, Anterior region of a third stage infective juvenile with the cuticu
juvenile. Note tessellate pattern and longitudinal ridges;
stage. Scale bars: A = 5 µm, B =8.6 µm C = 6 µm, D = 20 µm, E = 15 µm, F = 8.6 µm, G = 8.6 
µm, H = 10 µm, I = 3.8 µm. (F
 
III.3. Biogeography  
Steinernema and Heterorhabditis
exception of Antarctica (Poina
known, but it can be due to natural dispersion and human introduction. Natural 
dispersion can be made by infected insects and human dispersion can be due 
to the introduction of exotic plants into non
Surveys of EPN have been conducted worldwide, and it has been demonstrated 
that they can be present in the most variable habitats, 
 
Heterorhabditis spp. A, Hermaphroditic female face view
female; D, Bursa; E, Spicule; F, Gubernaculum; G, 
le of the second stage 
 I, Dorsal tooth of infective juvenile third 
rom Nguyen and Hunt, 2007). 
 are distributed worldwide, with the only 
r, 1990). The reason of such a distribution is not 
-native ecosystems (Poinar, 1990). 









due to their ability to survive under extreme conditions. In previous studies, the 
recovery percentage of EPN have varied between 3.8% in Northern Ireland 
(Blackshaw, 1998), 3.9% in the Azores, Portugal (Rosa et al., 2000), 4.6% in 
Korea (Choo et al., 1995), 5% in Italy (Ehlers et al., 1991), 6.8% in the Hawaiian 
Islands (Hara et al., 1991), 10% in Japan (Yoshida et al., 1998), 12.8% in Great 
Britain (Gwynn and Richardson, 1996), 13.2% in the Pampas region of 
Argentina (Stock, 1995), 20% in western Canada (Mráček and Webster, 1993), 
20.2% in North Carolina (Akhurst and Brooks, 1984), 25% in Sweden (Burman 
et al., 1986), 30% in the south-western coastal zone of Sri Lanka 
(Armarasinghe et al., 1994), 35% in the Slovak Republic (Sturhan and Liscova, 
1999), 36.8% in Czechoslovakia (Mráček, 1980), 48.6% in England (Hominick 
and Briscoe, 1990), 7% in Chile (Edgington et al., 2010), 23.3%- 5.4% in Spain 
(Garcia Del Pino and Palomo, 1996; Campos-Herrera et al., 2007), 7.4% in 
China (Ma et al., 2010), 6% in Guadeloupe islands (Constant et al., 1998), 
10.5% in Nepal (Khatri-Chhetri et al., 2010), 53.8% - 50.6% in Check Republic 
(Mráček et al., 1999, 2005), 4.84% in Vietnam (Long et al., 2001, 2003, 2005, 
2006a,b), 26.3% in California, USA (Stock et al., 1999), 16.2% in Belgium 
(Midutri et al., 1996), as well as others. 
Both EPN families could occupy the same continent, the same region and even 
the same square metre. They are able to coexist because they occupy different 
soil depths and/or depend on different insects to maintain their populations 
(Hominick, 2002). EPN distribution is affected by many biotic and abiotic 
factors. Habitat type is also important in the distribution of EPN, for example, S. 
kraussei and S. intermedium are more common in forests ecosystems 
(Spiridinov and Moens, 1999; Stock et al., 1999; Sturhan, 1999), while S. feltiae 
and S. affine are mostly found in grasslands (Boag et al., 1992; Hominick et al., 
1995; Stock et al., 1999). Climatic conditions are also an important factor 
affecting EPN distribution. For example, H. indica is mostly found in tropical and 
sub-tropical regions, whereas H. bacteriophora occurs in the Mediterranean 
region and central Europe, Japan and Africa appearing to have a global 
distribution. S. feltiae and S. kraussei have a wide distribution in the temperate 
region (Hominick, 2002). Generally the prevalence of steinernematids seems to 
be highest in woodlands (Stock et al., 1999; Sturhan, 1999, Sturhan and 




Liskova, 1999). Soil type is essential to guarantee the existence of 
Heterorabditis spp. but less important in Steinernematids (Hominick, 2002).  
 
III.4. General Biology 
Steinernema and Heterorhabditis infection begin with IJ, that are morphological 
and physiologically adapted to live in soil for long periods of time until they find 
a suitable host. The survival of IJ depends on each species, in spite of abiotic 
factors affect their survival. Symbiotic bacteria have an important nutritional 
function and are found in a ventricular portion of the intestine in steinernematids 
and in the entire intestine in heterorhabditis (Nguyen and Hunt, 2007). Once 
they find a suitable host, the IJs move over short distances using CO2 and other 
chemicals produced in waste products of insects as cues to find their host 
(Robinson, 1995; Hui and Webster, 2000). The IJs from Steinernema penetrate 
the host through the natural openings, such as mouth, anus and spiracles, and 
in Heterorhabditis the IJs posses a dorsal tooth, which can be used to perforate 
the exterior of the cuticle of the insect allowing penetration. Once IJs penetrate 
the host, they start to develop. Symbiotic bacteria are released from the anus 
and initiate their life cycle in insect haemocoel. The success, maturation and 
multiplication of nematodes end with IJ formation, which depends on the 
establishment of the bacterial population in the insect haemolymph. The 
bacteria produce nutrients to nematodes and antibiotics that avoid the 
establishment of other microorganisms inside the insect body. Usually, the 
insect dies within 24-48h (Kaya and Gaulgler, 1993). Bacteria are primarily 
responsible for insect death, but the nematode also produces a toxin that is 
lethal to the insect (Burman, 1982). The symbiotic relationship between 
nematodes and bacteria is complex: the nematode serves as a vector for 
bacteria to enter the insect host, and the bacteria contribute to this mutualistic 
relationship by providing nutrients available to nematode reproduction and 
development inside the insect cadaver, using secretions or enzymes that they 
transport and that promote degradation of host tissues. In spite of that, bacteria 





from the invasion of opportunistic organisms, such as other bacteria, fungi, or 
saprophytic nematodes (Gaugler, 2001). 
EPN can have many generations during their life cycle but only the IJ can 
survive outside the insect host and move from one insect to another. Depending 
on the host insect, nematode life cycle is completed in 6-18 days, when 
temperatures range is 18-28ºC (Poinar, 1990). The IJs that enter the host 
became hermaphrodites in the first generation in Heterorhabditis and 
males/females in Steinernema. Several generations can develop inside the 
insect host until nutrient supply is depleted. At this time the nematodes enter 
third stage (IJs) and leave the insect cadaver looking for a new host.  
 
III.4.1. Life Cycle 
Steinernematids and heterorhabditids have similar life cycles. The non-feeding, 
developmentally arrested IJ seeks out insect hosts and initiates infection. After 
locating the host, the nematode penetrates the insect body cavity, via natural 
openings (mouth, anus, spiracles) or areas of the thin cuticle. Once inside the 
insect body, the haemocoel, a symbiotic bacterium (Xenorhabdus for 
steinernematids, Photorhabdus for heterorhabditis) is released from the 
nematode gut which rapidly multiplies causing insect death, by septicemia in the 
next 24-48H (Grewal et al., 2005). In both genera, the invasive form of the 
nematode, the infective juvenile carries the symbiotic bacteria inside special 
vesicles in the intestine of Steinernema (Xenorhabdus) or free in the anterior 
part of the intestine Heterorhabditis (Photorhabdus). The nematodes feed upon 
the bacteria and liquefying host tissues, mature into adult’s stage. When the IJs 
of Steinernema enter the haemocoel of the insect host, they reach the feeding 
stage (J3), feeding on the bacteria and moulting to J4 and then into adults 
males and females of first generation (Grewal et al., 2005) (Fig.III5). Adults 
mate and females lay the eggs that hatch and complete the life stages until 
reaching adults forms again. Then, the second generation begins. After 
hatching,  when food source starts to decrease,  the eggs moult  to J1 and them 
J2, ceasing to feed, and incorporating a pellet of bacteria in the bacterial 




chamber, moulting to J3, but retaining the cuticle of J2 as a sheath, leaving the 
cadaver to search for a new host (Fig.III5). When it finds a new suitable host, 
the J3 move towards the insect, penetrates its body and releases the cuticle 
that surrounds its body and become infective juveniles, releasing the bacteria to 
the insect haemocoel and a new cycle starts again (Grewal et al., 2005). The 
life cycles of Steinernema and Neosteinernema are equal except for the fact 
that, in the last case, there is only one generation and the infective juveniles 
emerge inside the female body (Gaugler, 2001). In Heterorhabditis, the life 
cycle is similar, but in the first generation we have hermaphroditic self fertilizing 
females (Gaugler, 2001). Only in the next generations, second or more, 
amphimictic females are present. In both genera, females lay some eggs 
externally but most of them emerge inside the female body and later endotokia 
matricida occurs (intra-uterine birth causing maternal death) (Grewal et al., 
2005). 
 
Figure.III5. Lyfe cycle of Steinernema sp. (From Nguyen and Hunt, 2007). 
Entomopathogenic nematodes are a nematode-bacterium complex, where 
nematode growth and reproduction depend upon conditions established in the 





proteins to assist the nematode in overcoming host defenses, and anti-microbial 
that suppress colonization of the cadaver by competing with secondary 
invaders. Conversely, the bacterium lacks invasive power and is dependent 
upon the nematode to locate and penetrate the insect host (Akhurst and Smith, 
2002; Grewal et al., 2005). 
The IJ, is free-living and a non-feeding stage, but once inside the insect host, it 
starts to feed on bacteria and moults into a third-stage juvenile. It starts to 
reproduce and changes to the various stages of the life cycle and for the 
diverse generations until food resources decrease. When this happens, dauer 
larvae – infective juvenile is formed, as a resistant stage and then reabsorb the 
bacteria into their body and leave the cadaver to the soil, searching for a new 
host.  The infective juvenile can maintain itself in the soil under adverse 
conditions, during long periods of time, until it finds a suitable host. 
In both cases, Steinernema and Heterorhabditis, during the life cycle of the 
nematode there are two different but “symbiotic“ phases: the first during the 
infection period, when the nematode enters the insect haemocoel – pathogenic 
phase; the second where a relationship of mutualism between the nematode 
and the bacteria is established, and each organism take advantage from the 
presence of the other – mutualistic phase (Gaugler, 2001) (Fig.III6). 
 
Figure.III6. Symbiotic phases of the bacteria that leave in mutualistic association with 
entomopathogenic nematodes. (From Nguyen and Hunt, 2007). 
 
 




III.5. Bioecology - Survival Biology 
Soil is a difficult environment for the persistence of any organism due to its 
complexity of physical, chemical and biological components. In spite of that, 
EPN have been isolated throughout the world. EPN, like other organisms, 
spend part of their life cycle in the soil, and so adopted unique survival 
mechanisms to resist environmental extreme and survive (Gaugler, 2001). 
These nematodes can survive under a dormant stage (IJ) which allows them to 
maintain their metabolism at low levels and with no need to feed. There are 
many factors that can promote the formation of this stage, and they all interact: 
absence of water, extreme temperatures, lack of oxygen, moisture, 
precipitation, texture among others (abiotic factors) and also the biotic factors, 
such as predators or other competitive organisms. All these factors interact and 
affect nematode survival. Wallace (1963) points out several soil factors that 
affect nematode survival. Texture and soil composition affect nematode survival 
because the available space between soil particles, and the low available 
oxygen reduces survival rate (Kaya, 1990). Temperature and moisture has a 
direct effect in nematode survival. With temperature increase, the survival of 
nematodes is reduced (Kaya, 1990; Molyneux, 1985). Water is also very 
important because it affects the mobility of IJs. Oxygen availability is very 
important and limitant to IJ survival (Kaya, 1990). The existence of antagonists 
is also fundamental in the nematode/ environment balance, bacteria, fungi and 
predators being the most important to be considered. 
Abiotic factors  
1. Soil texture: soil pores are occupied by water and oxygen, and inside 
them there are living organisms. Soil porosity depends on texture and 
depth (Wallace, 1963). Soil texture influences the survival, pathogenicity 
and IJ dispersion. Soils with high levels of clay are not well aerated and 
thus determine the survival of nematodes (Kaya, 1990). Soil deficiently 
aerated makes nematode dispersion and host finding difficult. 
2. Moisture is another abiotic factor that affects nematode survival in soil. It 
represents the available water in soil (Kaya, 1990). Moisture is very 





of IJs. Moisture values present in nature don’t seem to limit nematode life 
cycle, with steinernematids that are found in soils with the lowest 
moisture values (Kung et al., 1990 a,b). This parameter allows 
nematodes to survive, affecting pathogenicity and host finding (Kaya, 
1990). Extreme moisture values (low, in sandy soils; high in clay soils) 
inhibit infection capability of EPN. 
Nematodes live inside the water available in soil pores, and thus 
exchanges in oxygen must occur (Kaya, 1990). Aeration influence 
nematode survival, pathogenicity and the occurrence of IJ in the soil. 
Oxygen is a limiting factor in soils with high levels of organic matter, with 
much water available or in clay soils (Kaya, 1990). 
3. Temperature is other factor that influence the presence of nematodes is 
soil. Nematodes live in the upper horizons of soil, where temperature 
variations are faster and frequent. Nematode survival, life cycle, 
dispersion and host search depend on temperature. Lower temperatures 
are more suitable to nematode survival, than higher ones, because in 
higher temperatures, the available water decreases, oxygen 
concentration and moisture too, and nematodes have difficulty in moving 
towards soil pores and searching for insect hosts (Kaya, 1990). 
4. pH values also affect nematode survival and dispersion. pH values, in 
the majority of soils varies between 4-8, and seems to have little 
influence in nematode activity. 
5. Organic matter: the availability of organic matter in soils causes an 
increase of organisms in soil. Native populations of S. feltiae increase 
when organic supplements are available. Nevertheless, the best results 
are obtained at low levels of available organic matter (Akhurst and 
Bedding, 1986). 
For example, sandy soils normally are more suitable for nematode presence 
than clay soils, because in these soils, usually, the aeration is better and 
consequently oxygen availability is also more favorable. It is also important to 
know the natural conditions where the native species are found, to use them in 
new environments. 





The effectiveness of EPN also depends on biotic soil factors, which include 
hosts (Kaya, 1990) and antagonists (Timper and Kaya, 1989; Van Sloun et al., 
1990). The result of these factors causes a reduction on EPN survival and 
establishment (Kaya, 1990). 
Entomopathogenic nematodes are insect parasites, being the presence of the 
host needed to assure EPN persistence in soil (Kaya, 1990). EPN are able to 
infect more than 300 insect species (Poinar, 1979; Simões et al., 1992). Insect 
host determines the mode of dispersion of the IJ, because IJs respond 
positively to the increase of CO2 concentrations (Gaugler et al., 1980), to 
temperature variation (Byers and Poinar, 1982) and to the excretion products 
produced by the insect hosts (Schmit and All, 1978). 
EPN are biological control agents that affect the survival mechanisms of other 
organisms, called antagonists, which are present in the soil environment. 
Antagonists include antibiosis, competition, parasites, pathogens and predators 
(Gray, 1988; Stirling, 1988). Predators and parasites decrease the effectiveness 
of EPN, because they reduce their survival ability and the capacity to locate 
host insects (Timper et al, 1991).  
 
III.6. Molecular systematics 
The recent advances in molecular biology and evolutionary taxonomy, do not 
substitute the expertise of a taxonomist, but provide nematologists with 
additional tools for identification and delimiting entomopathogenic species 
(Stock, 2009).  Molecular techniques have been developed to distinguish 
species, as well as to study genetic variability and phylogenetic relationships of 
organisms (Stock, 2009). Several studies have already integrated both, 
morphological and molecular data (Stock and Kaya, 1998; Van Luc et al., 
2000).  
Selection of the appropriate genes is quite important. Among nuclear genes, 





These genes are found in high copy numbers and each gene evolves at 
different rates (Stock, 2009). Ribosomal genes include the 18S rRNA gene, the 
internal transcribed spacers (ITS1 and ITS2), the 28S rRNA gene and 5.8S 
rRNA gene, which include variable and conserved regions (Stock, 2009). The 
5.8S rRNA gene is a highly conserved region, contrary to ITS1 and ITS2 
regions that evolve at a higher rate than 18S and 28S rRNA genes, making 
them ideal for phylogenetic studies at the species and population levels 
(Nguyen et al, 2001; Stock, 2009). The 28S rRNA gene is more variable than 
the 18S rRNA gene and has fewer ambiguously aligned positions than ITS 
(Stock, 2009), having been used to study phylogenetic relationships among 
Steinernema species (Stock, 2009). 18S rRNA gene is characterized by having 
a slow evolutionary rate of change, due to its conservative nature. It is normally 
used for studying EPN at the species level (Stock, 2009; Stock et al., 2001; 
Nadler et al., 2006).  
The genus Steinernema has been divided into five phylogenetic groups based 
on the 28S rRNA D2D3 region and infective juveniles’ length (Nguyen and Hunt, 
2007): “bicornutum-group”, “carpocapsae-group”, “feltiae-group”, “glaseri-
group”, and “intermedium-group”. 
Mitochondrial genes have different evolutionary rates than chromosomal genes. 
Mitochondrial cytochrome c oxidase subunit I (COXI) and cytochrome b (cytb) 
genes evolve slowly, being better suited for deeper lineage phylogenies (Stock, 
2009).  
Cytochrome c oxidase subunit II (COXII) (Szalanski et al., 2000) and ND4 (Liu 
et al., 1999) have also revealed to be good markers to assess species 
identification.  
Other markers, such as satellite DNA probes also proved to be a good 
diagnostic tool for the identification of species (Abad et al., 1998). Determining 
intraspecific variability of EPN should be assessed carefully, especially if the 
marker is used in phylogenetic studies (Hominick, 2002). Sequences of 
microsatellite DNA seem to be a good marker used in the study of genetic 
variation between populations (Jarne and Lagoda, 1996). Random amplified 




polymorphic DNA (RAPD) is another technique used in the study of genetic 
variation between populations of the same species (Hashmi and Gaugler, 
1998). In spite of that, the sensitivity of this technique and the difficulty of 
produce reproducible results make it not very reliable.  
Few studies have sampled multiple populations of a single EPN species. In 
Heterorhabditis populations, rRNA ITS (Adams et al., 1998) and mtDNA ND4 
locus (Liu et al., 1999), revealed little intraspecific variation. For phylogenetic 
analysis at the species level several studies have already been made: RFLP, 
RAPD (Liu and Berry, 1996), sequences of 18S, ITS, COII and ND4. The 18S 
rRNA gene revealed to be too conserved to resolve relationships between 
Steinernema and Heterorhabditis species (Liu et al., 1997). On the other hand, 
the mutations on ITS, COXII and ND4 are too high (Adams et al., 1998, Nguyen 
et al., 2001), so most of the aforementioned markers have been extensively 
studied, yet an ideal marker has yet to be found (Adams et al., 1998; Liu et al., 
1999; Nguyen et al., 2001). 
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Entomopathogenic nematodes (EPN) are lethal parasites of insects used as biocontrol 
agents. The objectives of this work were to survey the presence of EPN in continental 
Portugal and to evaluate the genetic diversity of Steinernema feltiae and 
Heterorhabditis bacteriophora, the two most abundant species. Of the 791 soil samples 
collected throughout continental Portugal, 53 were positive for EPN. Analysis of EPN 
geographical distribution revealed an association between nematode species and 
vegetation type. H. bacteriophora was mostly found in the Alentejo region while S. 
feltiae was present in land occupied by agriculture with natural vegetation, broad-leaved 
forest, mixed forest, transitional woodland-shrub, agro-forestry areas, complex 
cultivated patterns and non-irrigated arable land. Although no clear association was 
found between species and soil type, S. feltiae was typically recovered from cambisols 
and H. bacteriophora was more abundant in lithosols. Sequencing of the ITS region 
indicated that S. feltiae was the most abundant species, followed by H. bacteriophora. 
S. intermedium and S. kraussei were each isolated from one site and Steinernema sp. 
from two sites. H. bacteriophora was found mainly in forest and agricultural fields, 
while S. feltiae was present in several habitats. Phylogenetic analyses of ITS, D2D3 
expansion region of the 28S rRNA gene, as well as COXI and cytb genes, was 
performed to evaluate the genetic diversity of S. feltiae and H. bacteriophora. No 
significant genetic diversity was found among H. bacteriophora isolates. However, 
COXI seems to be the best marker to study genetic diversity of S. feltiae. This survey 
contributes to the understanding of EPN distribution in Europe. 
 
Keywords: Steinernema feltiae, Heterorhabditis bacteriophora, genetic diversity, ITS 
rDNA, D2D3, COXI, cytb.  





Entomopathogenic nematodes (EPN) are a group of nematode families which are insect 
parasites and possess many attributes that enable their commercial use as biocontrol 
agents (Kaya & Stock, 1997). They are promising candidates for biocontrol of insects 
due to their ability to search for hosts, safety to non-target organisms and the 
environment, high reproductive potential, capacity to be mass produced and ability to be 
used with other agricultural chemicals (Koppenhöfer, 2000). Only the infective third-
stage juveniles (IJ) of these nematodes are found free living in soil and non-feeding 
stages, under diverse ecological conditions and in all kinds of habitats (Hominick et al., 
1996), being able to survive in soil during extended periods, until they find a suitable 
host. EPN are distributed worldwide, and include more than 16 species of 
Heterorhabditis and at least 60 species of Steinernema (Nguyen & Hunt, 2007). They 
are obligate parasites of insects that form complex, highly virulent symbiotic 
relationships with enterobacteria, Xenorhabdus-Steinernematidae and Photorhabdus-
Heterorhabditidae (Boemare, 2002). As parasites of insects, they have a wide range of 
hosts (Kaya & Gaugler, 1993) being used in crop protection in Australia, Europe, USA 
and Asia (Georgis et al., 2006). 
The study of their genetic diversity is extremely important because new species and/or 
isolates may be useful as biological control agents against agriculturally important pests 
(Stock, 2009). The detection and identification of indigenous EPN isolates is of major 
importance, due to differences in strain virulence against natural and local insect pests, 
environmental conditions that may affect their survival and reproductive potential 
(Stock, 2009). Several surveys on EPN have already been conducted in Mediterranean 
countries, namely Egypt (Shamseldean & Abd- Elgawad, 1994), Greece (Menti et al., 
1997), Italy (Triggiani & Tarasco, 2000), Palestine (Iraki et al., 2002), Spain (García del 
Pino, 2005) and Turkey (Hazir et al., 2003). Recently, surveys have been conducted in 
several European countries, such as Austria (Hozzank et al., 2003), Belgium (Midituri 
et al., 1997), Bulgaria (Shishiniova et al., 2000), Czechoslovakia (Mráček et al.,1999), 
Denmark (Nielsen & Philipsen, 2003), Germany (Sturhan & Ruess, 1999), Poland 
(Bednarek, 1998), Russia (Ivanova et al., 2000), Slovakia (Sturhan & Liskova, 1999), 
Switzerland (Steiner, 1996) and United Kingdom (Gwynn & Richardson, 1996). 




infectivity, reproduction and tolerance to adverse environmental conditions and 
therefore it is of major interest to fully characterize natural populations (Stock, 2009). 
Entomopathogenic species identification should combine both molecular and 
morphological data (Adams et al., 2007). Cross-breeding tests have also been used, but 
since the discovery of hermaphroditism in steinernematids by Griffin et al. (2001), the 
consideration of hybridization assays to test validity of biological species has been 
reduced in importance (Stock et al., 2002). Morphological analysis is the basis of 
nematode classification, but molecular markers provide faster results which should be 
carefully analyzed, according to the DNA region used (Stock et al., 2002). Molecular 
techniques used in EPN studies have been developed to distinguish species, races and 
biotypes, as well as to study genetic diversity (Stock, 2009). 
Studies on the genera Steinernema and Heterorhabditis have been conducted using 
molecular methods, such as RAPD (Liu & Berry, 1996) and RFLP (Reid et al., 1997). 
After several tested methods, sequencing of different regions of the genome has became 
the most suitable approach, not only for assessing phylogenetic relationships, but also 
for species delimitation (Stock, 2009). Among nuclear genes, ribosomal genes have 
been extensively used at different taxonomic levels. Ribosomal genes include the 18S 
rRNA gene, the internal transcribed spacers (ITS1 and ITS2), the 5.8S and the 28S 
rRNA gene, which contain variable and conserved regions (Stock, 2009). The 5.8S 
rRNA gene is a highly conserved region, contrary to the ITS1 and ITS2 regions, which 
evolve at a higher rate than the 18S and 28S rRNA genes, making them ideal for 
phylogenetic studies at species and population levels (Nguyen et al, 2001; Spiridonov et 
al., 2004; Stock, 2009). On the other hand, mitochondrial cytochrome c oxidase subunit 
I (COXI) and cytochrome b (cytb) genes evolve more slowly, being better suited for 
deeper lineage phylogenies (Stock, 2009). The genus Steinernema is divided into five 
phylogenetic groups based on the D2D3 expansion region of the 28S rRNA gene and 
infective juveniles’ length (Nguyen & Hunt, 2007): “bicornutum-group”, 
“carpocapsae-group”, “feltiae-group”, “glaseri-group”, and “intermedium-group”. 
Earlier reports of EPN in Portugal were conducted in the Azores archipelago (Rosa & 
Simões, 2004; Simões et al., 1994), where several surveys have been undertaken as part 
of a wide program to find endemic biological agents to control insect pests of pastures. 
These previous studies describe the presence of Steinernema carpocapsae, S. glaseri 




and Heterorhabditis bacteriophora in the Azores (Rosa & Simões, 2004; Simões et al., 
1994). Until 2006, there were no studies on entomopathogenic nematodes from 
continental Portugal. The first published report was on the identification of three 
isolates (I1, I8, H9) of S. feltiae based on ITS sequence (Valadas et al., 2007). Later, 
three other isolates (I3, R7, X7), were identified as H. bacteriophora using both ITS 
sequence and morphological characterization (Valadas et al, 2009). More recently, three 
other species, S. intermedium (isolate 2B), S. kraussei (isolate 20F) and Steinernema sp. 
(isolates 59F and 15G) have been described (Valadas et al., 2011), using morphological 
and molecular data. 
It is known that EPN distribution depends on temperature and precipitation and is 
closely related to vegetation type and presence of insect hosts. Soil type and texture are 
also very important parameters which influence EPN distribution (Campos Herrera et 
al., 2011; El Borai et al., 2012). Continental Portugal has a wide diversity of crops, such 
as fruit trees, cereals and vegetables, and natural habitats, such as conifer forests and 
grasslands. These habitats are subject to insect pests which every year cause significant 
losses in agricultural production.  
The major objectives of this research were to determine the distribution of EPN in 
continental Portugal and to evaluate the genetic diversity of S. feltiae and H. 
bacteriophora, the two most abundant species. 
 
Materials and methods 
Survey zones and sampling procedure 
Between 2006 and 2009, 791 soil samples were haphazardly collected across 
continental Portugal, divided into five NUTS (Nomenclature of Territorial Units for 
Statistics): Norte, Centro, Lisboa e Vale do Tejo (herein designated as Lisboa), Alentejo 
and Algarve (http://www.igeo.pt/atlas/Cap3/Cap3f_1.html). 
According to Köppen’s climate classification (Köppen & Geiger, 1928), continental 
Portugal is divided in two regions: one temperate with rainy winters and dry, hot 
summers (Csa) and another temperate with rainy winters and dry, cool summers (Csb). 




influence: Atlantic, Continental and Mediterranean, Atlantic being predominant. Soil 
samples were collected from both cultivated and non-cultivated areas, covering the two 
climatic regions of continental Portugal, including different vegetation types, such as 
irrigated land, forests, grasslands, cultivated fields, among others. Three to four 
subsamples were collected at 0-20 cm and used to create a single sample representative 
of 200m2. Soil samples were properly dated and identified with GPS (Global 
Positioning System) (Garmin, USA) location. 
Soil and vegetation types were mapped with ArcGIS software version 10.0 (Esri) using 
FAO soil classification (FAO, 2006) and CORINE land cover classification (Caetano et 
al., 2009). Temperature and precipitation data were obtained from “PORDATA, Base 
de Dados Portugal Contemporâneo” (http://www.pordata.pt). 
Nematode recovery, propagation and identification 
EPN were recovered from soil samples using the baiting technique, described by 
Bedding & Akhurst (1975). Before processing, samples were homogenized and then 
baited with ten last instar larvae of Galleria mellonella placed inside a perforated metal 
tea bag, partly filled with soil which was embedded in the soil sample. Soil samples 
were stored in the dark at 25ºC and dead G. mellonella were removed and replaced 
every four days for twelve total days of baiting. Collected G. mellonella were 
transferred to White traps (White, 1927) and IJ recovered for the five to twelve 
following days. IJ were stored in distilled water at 10ºC. To establish new cultures, 
emerging nematodes were pooled for each sample and used to infect new G. mellonella 
larvae. Only IJ collected during the week after the first emergence from the insect 
cadavers were used to establish new cultures. EPN were preliminarily identified to 
genus according to the color of G. mellonella cadavers, which ranges from cream to 
brown (Steinernema spp.) or red (Heterorhabditis spp.) within 24-48 h after nematode 
penetration. Isolates with atypical discoloration were identified to genus following the 
method of Nguyen & Hunt (2007). Further identification of isolates was carried out by 
sequencing the ITS region of rRNA (Nguyen et al., 2001). 
DNA extraction 
For each isolate, genomic DNA was extracted from a suspension of 50 µl with more 
than 10 000 nematodes. Total DNA was extracted with the JETQUICK Tissue DNA 




Spin Kit extraction kit (Genomed), according to the manufacturer’s protocol. DNA was 
used for sequence analysis of ribosomal regions ITS and D2D3 region of the 28S rRNA 
gene, and mitochondrial genes cytb and COXI. Nematode DNA was kept at -20ºC for 
further use. 
 Sequencing of ribosomal regions and mitochondrial genes 
Fifty µl PCR reactions containing 1X PCR buffer (Fermentas), 1.5 mM MgCl2 
(Fermentas), 200 µM each dNTP (Fermentas), 0.4 µM of each primer, with the 
exception of cytb primers, were used at a concentration of 1 µM each (STABvida), 2.5 
units of Taq DNA Polymerase (recombinant) (Fermentas) and 5 µl template DNA (10-
20 ng) were used. Primers and PCR amplification conditions for each region and gene 
are those presented in table 1. 
Table 1. Primers used for sequencing reactions of ribosomal regions and mitochondrial 





























































































































All PCR products were analyzed by electrophoresis in 1% agarose gels with Tris-borate 
buffer, stained in ethidium bromide, purified with GFX PCR DNA and Gel Band 
Purification Kit (GE Healthcare) and sequenced at STABvida, Portugal.  
Phylogenetic analysis 
Multiple sequence alignments of ITS, D2D3 region of the 28S rRNA gene, COXI and 
cytb sequences were assembled using the ClustalW algorithm as implemented in 
BioEdit version 7.1.3.0 (Hall, 1999), under default alignment parameters. The best-
fitting evolutionary model of nucleotide substitutions was determined, using MEGA5 
version 5.05 (Tamura et al., 2011) and phylogenetic relationships among isolates were 
reconstructed by Neighbor-Joining (Saitou & Nei, 1987) and Maximum Likelihood 
(ML) methods. Gaps or indels were treated using the complete deletion option. 
Bootstrap analysis was performed with 100 replicates (Felsenstein, 1985). Sequences 
were compared with those from reference organisms/strains available in the GenBank 
database. 
Statistical analysis 
Statistical analysis was performed using PASW Statistics 18 release 18.0.0 software 
(SPSS Inc., Chicago, IL, USA). Relationships between species and NUTS, vegetation or 
soil types were determined using the chi-square test of association. Results are 
presented as the test statistic (χ2), degrees of freedom (df), and probability of equal or 
greater deviation (P). Correspondence analysis (CA) was used as an explorative method 
to study associations and to reveal interdependencies between each two of the 
abovementioned variables. Visualization using CA is based on representing chi-square 




EPN were recovered from 53 of the 791 sampled sites (6.7%) (fig. 1). Nine soil samples 
(17%) were positive for the occurrence of heterorhabditids and 44 (83%) for 




steinernematids, identified as described. Nematodes isolated from the positive samples 











































Fig. 1. Entomopathogenic nematode distribution across the five NUTS (Nomenclature 
of Territorial Units for Statistics) of continental Portugal. Each point is marked with the 
name of the isolate and the corresponding species. Map based on the CAOP 
(http://www.igeo.pt). 




Although there is no association between species and NUTS (P > 0.1) (table 2), the CA 
biplot revealed that H. bacteriophora isolates are more abundant in the Alentejo region 
(data not shown).  
 
Table 2. Occurrence of entomopathogenic nematodes by NUTS (Nomenclature of 
Territorial Units for Statistics) (CAOP; http:///www.igeo.pt). The table presents 
information about the area of each NUTS compared to the total area of continental 
Portugal and the number of samples collected, as well as the percentage of EPN species 












Norte 21285.876 23.89 268 1 1.91 
Centro 28199.404 31.65 207 19 281; 1.93; 3.84; 1.95 
Lisboa e Vale do Tejo 3001.938 3.37 84 5 7.51;1.95 
Alentejo 31604.906 35.48 181 23 30.21; 1.92; 11.35 
Algarve 4996.795 5.61 51 5 7.51; 1.95 
 
The nine positive samples for H. bacteriophora were recovered from sites below the 
altitude of 400 m. S. feltiae was detected from 40 sites (75.5%) in locations where 
altitude varies between 13-878 m. No association was found between species and 
climate (P > 0.05). 
Habitat and soil type 
Positive samples were most commonly found in mixed forest, land occupied by 
agriculture with natural vegetation, broad-leaved forest and transitional woodland-shrub 
(table 3). H. bacteriophora was found in a wide range of habitats including: mixed 
forest, transitional woodland-shrub, vineyards, broad-leaved forest, land occupied by 
agriculture with natural vegetation and permanently irrigated land (table 3).  
S. feltiae was present in all kinds of habitats containing EPN, being more abundant in 
land occupied by agriculture with natural vegetation, broad-leaved forest, mixed forest, 




irrigated arable land (table 3). S. intermedium was found in a mixed forest and S. 
kraussei in moors and heathland habitat (table 3). The Steinernema sp. isolates were 
found in a broad-leaved forest and in a mixed forest (table 3). 
 
 
Table 3. Occurrence of entomopathogenic nematodes in the studied vegetation type 
according the “Land Cover Nomenclature” (Caetano et al., 2009). The table presents 
information about the number of samples collected from each vegetation type 
(vegetation code), as well as the species percentage recovered (1 Steinernema feltiae; 2 
S. intermedium; 3 S. kraussei; 4 Steinernema sp.; 5 Heterorhabditis bacteriophora). 








Positive samples (%) 
(type I) (type II) (type III) 
artificial surfaces urban fabric Discontinuous urban fabric (112) 47 2 3.81 
artificial surfaces industrial, commercial and transport units Industrial or commercial units (121) 6 0 0 
artificial surfaces industrial, commercial and transport units Road and rail networks and associated land (122) 1 0 0 
artificial surfaces Mine, dump and construction sites Construction sites (133) 1 0 0 
agricultural areas Arable lands Non-irrigated arable land (211) 47 3 5.71 
agricultural areas Arable lands Permanently irrigated land (212) 39 3 3.81: 1.95 
agricultural areas Arable lands Rice fields (213) 10 0 0 
agricultural areas Permanent crops Vineyards (221) 15 2 3.85 
agricultural areas Permanent crops Fruit trees and berry plantation (222) 13 2 3.81 
agricultural areas Permanent crops Olive groves (223) 20 2 3.81 
agricultural areas pastures Pastures (231) 2 0 0 
agricultural areas pastures Artificial grasslands (232) 1 0 0 
agricultural areas Heterogenous agricultural areas Annual crops associated with permanent crops (241) 71 0 0 
agricultural areas Heterogenous agricultural areas Complex cultivation patterns (242) 89 3 5.71 
agricultural areas Heterogenous agricultural areas Land occupied by agriculture with natural vegetation (243) 43 7 11.31; 1.85 
agricultural areas Heterogenous agricultural areas Agro-forestry areas (244) 21 3 5.71 
forest and semi-natural areas Forests Broad-leaved forest (311) 77 6 7.51; 1.94; 1.95 
forest and semi-natural areas Forests Coniferous forest (312) 57 1 1.91 
forest and semi-natural areas forests Mixed forest (313) 58 8 7.51; 1.92; 1.94; 3.85 
forest and semi-natural areas Scrub and/or herbaceous vegetation associations Natural grasslands (321) 30 2 3.81 
forest and semi-natural areas Scrub and/or herbaceous vegetation associations Moors and heathland (322) 16 1 1.93 
forest and semi-natural areas Scrub and/or herbaceous vegetation associations Sclerophyllous vegetation (323) 14 0 0 
forest and semi-natural areas Scrub and/or herbaceous vegetation associations Transitional woodland-shrub (324) 94 6 7.51; 3.85 
forest and semi-natural areas Open spaces with little or no vegetation Beaches, dunes, sands (331) 3 0 0 
forest and semi-natural areas Open spaces with little or no vegetation Burnt areas (334) 2 0 0 
wetlands Maritime wetlands Salt marshes (421) 1 0 0 
water bodies Inland waters Water bodies (511) 3 1 1.91 




There is an association between species and vegetation type (χ2=83.438, df=60, P>0.05) 
(fig. 2). Furthermore, the CA biplot showed that the most abundant species, S. feltiae, is 
present mainly in land occupied by agriculture with natural vegetation, broad-leaved 
forest, fruit trees and berry plantations, olive groves and non-irrigated arable land (fig. 
2).  
 
Fig. 2. CA biplot of the relationship between species and (a) NUTS (Nomenclature of 
Territorial Units for Statistics), (b) vegetation type, (c) soil type. Note: some dots are 
overlaid. 
S. feltiae was found in almost all soil types, namely cambisols, podzols, luvisols, 
lithosols and regosols, whereas H. bacteriophora was only found in lithosols, podzols, 
cambisols and luvisols (table 4). The Steinernema sp. isolates were found in a lithosol 
and a cambisol. S. kraussei and S. intermedium isolates were found in a cambisol and a 
podzol, respectively (table 4). 
Table 4. Occurrence of entomopathogenic nematodes in the different soil types (FAO, 
2006). The table presents information about the number of samples collected from each 




soil type, as well as the percentage of EPN species recovered (1 Steinernema feltiae; 2 S. 
intermedium; 3 S. kraussei; 4 Steinernema sp.; 5 Heterorhabditis bacteriophora). 
Soils Type Number of collected samples Number of EPN Positive samples (%) 
podzols 99 12 171; 1.92; 3.85 
cambisols 359 24 361; 1.93; 1.94; 3.85 
luvisols 111 11 171;3.85 
lithosols 155 6 3.81; 1.94; 5.75 
regosols 12 1 1.91 
solonchaks 2 0 0 
fluvisols 15 0 0 
no classification 38 0 0 
 
No association was found between species and soil type (P > 0.1). However, the CA 
biplot indicates that the two most abundant species are not randomly distributed by the 
different soil types: S. feltiae was mostly recovered from luvisols, but also from 
cambisols and regosols; H. bacteriophora is more abundant in lithosols. H. 
bacteriophora was found in soil samples with pH values between 4.37 and 7.92, 
whereas S. feltiae was present in soils with pH values between 4.02 and 8.11. S. 
intermedium and S. kraussei were found in soils with pH 4.17-5.34. Steinernema sp. 
isolates were recovered in soils with pH values of 4.90 and 6.23. No association was 
found between species and the soil’s physical and chemical characteristics (P > 0.05). 
 
 Phylogenetic analysis of ITS, D2D3, COXI and cytb 
Nematodes isolated from the positive samples were identified based on ITS sequences 
as S. feltiae (40 isolates), S. intermedium (one isolate), S. kraussei (one isolate), 
Steinernema sp. (two isolates) and H. bacteriophora (nine isolates). Because S. feltiae 
and H. bacteriophora were the two most abundant EPN species, D2D3 region of the 
28S rRNA gene, COXI and cytb genes were used to further evaluate the genetic 
diversity of the populations. Repeated attempts to amplify and sequence some genes for 
some isolates were unsuccessful, thus justifying the discrepant number of isolates in the 
different phylogenies. 




For 37 S. feltiae and eight H. bacteriophora Portuguese isolates, a PCR product of 
approximately 1000 bp, containing the partial sequence of ITS1 and ITS2, and the 
whole 5.8S rRNA gene, was obtained and sequenced. H. bacteriophora was included as 
outgroup (fig. 3). 
Only 34 S. feltiae isolates were used for phylogenetic analysis. Isolates that share 100% 
sequence identity were not considered (isolate 48A stands for isolates 59A and 87A; 
isolate 81A represents isolates W1 and 97A). 
Comparing the 34 Portuguese with foreign S. feltiae isolates, few polymorphisms were 
found. All Portuguese and foreign S. feltiae isolates group in the same cluster, together 
with the other species from the “feltiae-group” (S. oregonense, S. kraussei and S. 
monticolum) sharing sequence identities between 76-99% (fig. 3). There is no 
distinction between S. feltiae Portuguese isolates, which are all almost 100% identical. 
Contrary to S. monticolum, which is the most distant species from the “feltiae-group”, 
S. kraussei, S. oregonense, as well as S. kraussei isolate 20F, are placed within the S. 
feltiae isolates. This suggests that ITS phylogeny has low resolution inside this group. 
Isolates 15G and 59F share the highest identity with species of the “glaseri-group” (69-
80%), suggesting that Steinernema sp. belong to this group (fig. 3). Grouping with the 
major cluster are two species from the “intermedium-group”, S. intermedium and S. 
affine, also with Portuguese isolate 2B of the species S. intermedium. Species from 
“intermedium-group” share identities between 93-99% and with species from “feltiae-
group” 61-68% identity (fig. 3). 
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Fig. 3. Maximum likelihood ITS phylogenetic trees based on nucleotide sequences of 
Steinernema spp. and reference strains (alignment length 270 bp). Percentage bootstrap 
is indicated on internal branches (100 replicates); scale bar indicates number of 
substitutions per site. T92 model was used (Tamura and Nei, 1993). 
ITS sequences indicate that all Portuguese Heterorhabditis isolates belong to the species 
H. bacteriophora. The eight Portuguese isolates of H .bacteriophora are 100% identical 
in sequence and all group together with foreign H. bacteriophora isolates (with 
bootstrap support of 98%), sharing identities of 98-100% (data not shown). H. 
zealandica also groups inside this cluster sharing 96-97% identity with H. 
bacteriophora isolates. The most distant species from H. bacteriophora are H. indica, 
H. floridensis, H. amazonensis and H. baujardi, sharing 70-72% identity with H. 
bacteriophora isolates (data not shown). H. marelatus and H. megidis are more similar 
to H. bacteriophora (sequence identity between 74-79%) than the previous species.  
S. feltiae and H. bacteriophora D2D3 phylogenies 
The D2D3 expansion region of the 28S rRNA gene sequences confirm the previous 
identification of EPN isolates, as S. feltiae and H. bacteriophora.  
For twenty-seven S. feltiae and seven H. bacteriophora Portuguese isolates, a PCR 
product of approximately 1100 bp, containing the partial sequence of the D2D3 region 
of the 28S rRNA gene was obtained and sequenced. From the 27, only five 
representative isolates were used in the phylogenetic analysis, because the others share 
100% sequence identity with these isolates (isolate 3C represents isolates 11A, 22A, 
22F, 24A, 57F, 59A, 70A, 85F, 87A, C8, E2, F9, H1, H9, I2, I8, L6 and P6; and isolate 
32A stands for isolates 86E, 93E, V1 and I1) (fig. 4). Globodera pallida was included 
as outgroup, considering that the D2D3 H. bacteriophora sequence was too close to 
species from the “carpocapsae-group” to serve this purpose. 
Comparing the five Portuguese isolates of S. feltiae with foreign S. feltiae only a few 
polymorphisms were found. All Portuguese and foreign S. feltiae isolates group in the 
same cluster sharing 99-100% sequence identity with 99% bootstrap support, showing 
no genetic diversity between isolates (fig. 4). S. feltiae isolates group with species from 
the “feltiae-group” (S. monticolum and S. kraussei) sharing sequence identities of 92-
98% (bootstrap support 77%).  





Fig. 4. Maximum likelihood D2D3 phylogenetic tree based on nucleotide sequences of 
Steinernema spp. and reference strains (alignment length 469 bp). Percentage bootstrap 
is indicated on internal branches (100 replicates); scale bar indicates 0.1 substitutions 
per site. K2 model was used (Kimura, 1980). 
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Regarding the D2D3 phylogeny, no polymorphisms were found among H. 
bacteriophora Portuguese isolates. One major cluster was obtained, which contains all 
Portuguese isolates and the reference strains of H. bacteriophora (bootstrap support 
98%). All H. bacteriophora isolates are 100% identical in sequence (data not shown). 
The closest species to H. bacteriophora is H. megidis sharing a sequence identity 
between 91-93%; the most distant is H. indica, with a sequence identity of 90%.  
S. feltiae COXI gene phylogeny 
From the 23 Portuguese S. feltiae isolates, only 16 representative isolates were used for 
phylogenetic analysis (isolate 3C represents 87A; isolate 11A represents 22F and 70A; 
isolate H9 represents F9; isolate 24A represents P6; isolate I2 represents H1 and I8). H. 
bacteriophora was included as outgroup. A PCR product of approximately 1000 bp, 
containing the partial sequence of the COXI gene was obtained and sequenced for the 
Portuguese isolates.  
There is a large cluster that includes all S. feltiae Portuguese isolates, together with the 
reference species of S. feltiae, sharing sequence identity values between 94-100% 
(bootstrap support of 99%) (fig. 5). Inside this major cluster there is some diversity 
between Portuguese isolates (sequence identity values of 97-100%), in some cases 
supported by bootstrap values that vary between 36-95% (fig. 5). For example isolates 
59A and 85F form a group sharing a sequence identity of 99.5%, grouping also with 
isolate H9, with whom they share a sequence identity of 99%. All S. feltiae Portuguese 
isolates share high sequence identity values (98-100%). This major cluster groups with 
S. kraussei and S. oregonensis, both species of the “feltiae-group” sharing identities of 
85-87% (fig. 5). The entire previous clade clusters together with species belonging to 
the “intermedium-group”, the “bicornutum-group”, the “glaseri-group” and the 
“carpocapsae-group” (fig. 5).  The Steinernema sp. isolates 15G and 59F, group 
together sharing similarities of 92%. These isolates seem to represent a putative new 










Fig. 5. Maximum likelihood COXI phylogenetic tree based on nucleotide sequences of 
Steinernema spp. Isolates and reference strains (alignment length 566 bp). Percentage 
bootstrap is indicated on internal branches (100 replicates); scale bar indicates 10 
substitutions per site. HKY model was used (Hasegawa et al., 1985). 
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H. bacteriophora cytb gene phylogeny 
For nine H. bacteriophora Portuguese isolates, a PCR product of approximately 1200 
bp, containing a partial sequence of the cytb gene was obtained and sequenced. S. 
carpocapsae, was included as outgroup. No polymorphisms were found among 
Portuguese isolates (100% identical). One major cluster (bootstrap value of 68%) was 
obtained which contains all Portuguese isolates sharing 100% sequence identity (fig. 6). 
Portuguese isolates share 99.7% sequence identity with the reference strain of H. 
bacteriophora and 81.6% with S. carpocapsae (fig. 6).  
 
Fig. 6. Maximum likelihood cytb phylogenetic tree based on nucleotide sequences of 
Heterorhabditis bacteriophora isolates and reference strains (alignment length 749 bp). 
Percentage bootstrap is indicated on internal branches (100 replicates); scale bar 
indicates 0.05 substitutions per site. TN93 model was used (Tamura, 1992). 
 
Discussion 
Even though national surveys already undertaken provide valuable data on EPN 
distribution (Edgington et al., 2010; García Del Pino & Palomo, 1996; Kary et al., 
2009; Khatri-Chhetri et al, 2010; Ma et al., 2010), species habitat preferences are still 
poorly understood. Nevertheless, surveys and the identification of new EPN species 
have a high potential for future efficient biological control of pests (Stock, 2009). The 
present study aimed at understanding the natural occurrence of EPN in continental 
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Portugal, representing the most systematic and extensive survey made for the first time 
in the country to evaluate indigenous species of EPN. The study involved a large 
diversity of habitats and ecosystems covering the entire territory of continental Portugal. 
Previous studies (Mráček et al., 2005), showed that EPN distribution seems to depend 
on temperature and precipitation being closely related to vegetation and insect host, 
both affected by climate. However, in continental Portugal it was not possible to 
establish any association between temperature and precipitation and the distribution of 
EPN. The EPN abundance, distribution and habitat preference are related to host-
parasite relationships, environmental conditions and soil characteristics (Campos-
Herrera et al., 2007; Nielsen & Philipsen, 2003; Püza & Mráček, 2005). As with any 
survey, conclusions regarding diversity and biogeography of EPN must be made with 
some caution since the results in part reflect searching effort and sampling technique 
rather than actual numbers and/or habitat preferences of EPN. 
The survey covered all NUTS, the different climatic regions and a wide variety of 
vegetation and soil types. Positive soil samples were analyzed with the additional 
information collected, namely temperature and precipitation values, altitude and soil 
type. Although EPN were recovered at a low rate (6.7% of sampling sites) in our study, 
five different species were isolated from the entire country: S. feltiae (75%), H. 
bacteriophora (17%), S. intermedium (1.9%), S. kraussei (1.9%),  and Steinernema sp. 
(3.8%). S. feltiae and H. bacteriophora were the two most abundant species found in the 
country. One reason for the low recovery rate obtained in the present study, could be the 
fact that only one insect, G. mellonela, was used as trap insect, and it may not be the 
appropriate host for all EPN species (Kary et al., 2009). Also, the fact that just one 
temperature value (25ºC) was used for soil baiting samples may represent a limitation. 
The use of just one baiting temperature may not cover all the requirements for other 
EPN species (Mráček et al., 2005). Furthermore, the choice of sampling sites may 
contribute to differences in EPN recovery percentage (Mráček et al., 2005). However, 
this low recovery percentage is not unusual, and it has already been reported from other 
surveys (Hazir et al., 2003; Kary et al., 2009; Rosa et al., 2000). 
Our results show that natural habitats present a higher percentage of positive samples, 
compared to agricultural ones, probably due to chemical control of insect pests in 




Stock et al. (2008) also claimed a higher abundance of EPN in natural habitats such as 
forests. EPN were recovered from soils with high sand content, which favor their 
mobility and survival, such as cambisols, podzols, luvisols followed by lithosols and 
regosols. Observing the soils’ physical and chemical characteristics, no clear 
relationship was found. 
S. feltiae was the most common and widely distributed EPN in continental Portugal, 
followed by H. bacteriophora. S. feltiae is widely distributed in temperate regions, 
whilst H. bacteriophora typically occurs in regions with continental and mediterranean 
climates (Hominick, 2002). S. feltiae was present in almost all habitats sampled in our 
survey, including agriculture fields with natural vegetation, forest habitats, transitional 
woodland-shrub and non-irrigated land (table 3), presenting no distribution influenced 
by altitude or other chemical parameter from soil sample. The recovered percentage was 
higher in Alentejo, Centro, Algarve and Lisboa regions of continental Portugal (table 2). 
H. bacteriophora was present especially in forests habitats, transitional woodland-
shrub, vineyards, agriculture fields with natural vegetation and permanently irrigated 
land (table 3). Abiotic factors, such as altitude, temperature or rainfall, do not influence 
the distribution of EPN species. Algarve and Alentejo regions represent the regions with 
the higher recovery percentage of H. bacteriophora (table 2). No correlation was 
observed between genetic diversity of S. feltiae isolates and any of the biotic or abiotic 
parameters that were analyzed for these isolates. 
S. kraussei and S. intermedium were each found at only one site, in moors and heathland 
and mixed forests, respectively. The reason for the low recovery of these two species is 
not known. S. kraussei and S. intermedium are common in Europe, with S. intermedium 
showing a preference for tree habitats (Nguyen & Hunt, 2007). Steinernema sp. was 
recovered from only two sites, in mixed forests and broad-leaved forests habitats. 
Differences in nematode distribution may be related to differences in the distribution of 
suitable insect hosts and to the species of nematode involved (Akhurst & Bedding, 
1986). Mráček et al. (2005) suggested that the occurrence of EPN depend on the 
presence of insect hosts. However, no information about the natural hosts of EPN in 
continental Portugal is available. 
The species nature of the genus Steinernema is a result of its longer evolution history 
(Adams et al., 2007) and its reproduction patterns (amphimictic and hermaphroditic), 




making this genus more capable of occupying a wide range of habitats than 
Heterorhabditis (Edgington et al., 2010). The geographical and habitat preferences of 
EPN species in continental Portugal may also reflect chance of dispersal events as well 
as feeding patterns. However, EPN diversity determined in this study is similar to the 
diversity reported in previous studies in northern Spain and southern France, which 
constitute the closest area already sampled and also most similar in terms of climate and 
soil (Campos Herrera et al., 2007; Emelianoff et al., 2008; García del Pino & Palomo, 
1996). S. feltiae and H. bacteriophora, the two most abundant EPN species in 
continental Portugal, are also considered the two most common species in Europe, 
having also been found in southern France and northern Spain (Hominick, 2002). 
The major objectives of this study were to determine the indigenous species present in 
continental Portugal and evaluate the genetic diversity of isolates. For H. bacteriophora 
and S. feltiae, the two most abundant species found in continental Portugal, genetic 
diversity was accessed based on different molecular markers: ITS, D2D3 expansion 
region of the 28S rRNA gene and two mitochondrial genes, COXI and cytb. There were 
no indications of a molecular and geographical intraspecific variation of both S. feltiae 
and H. bacteriophora. Sequences of the D2D3 expansion region of the 28S rRNA gene 
were used by some authors to characterize EPN populations (Stock et al., 2001) and 
may yield more information than the ITS region. Mitochondrial DNA sequences may be 
more useful in genetic diversity studies (Edgington et al., 2010). 
According to our results, H. bacteriophora isolates show no differences concerning cytb 
gene, ITS and D2D3 expansion region of the 28S rRNA gene. H. bacteriophora is 
highly mobile, responding to chemical signals from the host, and being adapted to infect 
less mobile insects that are found in lower soil layers (Ishibashi, 2002). Since our 
samples were collected from the upper soil layer, this could explain the low recovery 
and genetic diversity of H. bacteriophora found in continental Portugal. 
No genetic diversity was observed among S. feltiae isolates using the D2D3 expansion 
region of the 28S rRNA gene and ITS regions. However, COXI gene revealed some 
genetic diversity among S. feltiae isolates. The diversity found among S. feltiae isolates 
using COXI sequences has no correlation with the physical and chemical parameters 




In conclusion, this survey shows that five EPN species are known to be present in 
Portuguese soils. Furthermore, the occurrence of S. feltiae and H. bacteriophora as the 
two most abundant species in continental Portugal, suggests the potential role of these 
nematodes in natural regulation of insect populations. Further research on host ranges 
and characterization of these nematodes in view of possible use in biological control 
should be undertaken to minimize the use of chemical pesticides. 
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Chapter V: State of the art of Bursaphelenchus xylophilus 
V.1. Foreword  
25% of the world´s forests (1 billion hectares) are in Europe, covering 44% of 
the total land area of Europe´s land (Anon, 2011). The most important industries 
depending on forests are located in temperate regions. These industries 
depend mainly on exploiting primary and derived forest products such as paper, 
pulp, lumber and chemical substances obtained from natural and planted 
forests. The global value of the planet´s forests is estimated at 3.5 x 10 12 Euros 
/ year, which corresponds to a global economic flux of 14.7% (Costanza et al., 
1997). Biogeographically, Portuguese forest is considered as being part of the 
“Mediterranean” type, in spite of some regions on the North and Northwest 
being typically atlantic/temperate. In Portugal, forests cover approximately 3.4 x 
10 6 ha (DGRF, 2007), and the industries that employ people working in these 
areas are responsible for 113 000 direct jobs (2% of the active population). 
About 80% of the Portuguese forestry is made up of pines, eucalyptus and oaks 
species (DGRF, 2007). Maritime pine, Pinus pinaster, is one of the most 
important forest species in Portugal, not only for occupying 27% of the national 
forest area, 8.8x105 ha, but also for its economic relevance, with a production of 
“softwood sawn wood” of 9.2x107 Euros in 2009. P. pinaster represents the 
most important pine production (62.5%) (Vicente et al., 2012), industrial activity 
(production of wood and resin) and coastal protection associated with sand 
dunes and so, as in other countries, the global impact of pine wilt disease 
(PWD), promoted by the pinewood nematode (PWN), Bursaphelenchus 
xylophilus, has serious consequences and economical losses. 
Forests around the world are threatened by factors such as climate change, 
desertification, pollution, fires, deforestation, pests and pathogens (FAO, 2007; 
http://www.un.org/en/events/iyof2011). Pests and pathogens attacking forests 
are insects, fungi, bacteria, viruses and nematodes, causing important tree 
decay, mortality and wood depreciation. Nematode tree pathogens have caused 
significant damage to many tree species in the last three decades (Mota and 
Vieira, 1993). Chemical substances such as nematicides are usually expensive 





through contamination of drinking water. Biological control is one area that is 
getting attention as an alternative use of pesticides, because their impact on the 
environment is reduced or nonexistent. This alternative is now very expensive 
but can represent a solution for solving major pest problems. It is important not 
to forget that the introduction of a species that does not belong to a particular 
ecosystem is dangerous and can disrupt its natural functioning. In Japan, 
previous studies have already evaluated the possibility of use natural enemies 
to control the insect vector of PWN, with promising results (Phan, 2008). 
In an effort to control the spread of invasive pests, phytossanitary measures for 
treating wood packaging material in international trade (ISPM-15) were defined 
for Europe, and are currently being adopted by the European Union and several 
European countries (FAO, 2007). In 2011, new phytossanitary measures were 
addopted by Portugal to treat wood and wood products, named as NP 4487. 
This new measures consist in phytossanitary heat treatment for the elimination 
of the PWN in softwood sawn timber, pallets and other packages (IPQ, 2011). 
In spite of these measures, successful biological invasions have established 
viable populations of exotic woody phytophagous insects pests and pathogens 
in Europe (Vanhanen, 2008). 
Among nematodes, B. xylophilus (Steiner and Bührer, 1934) Nickle 1970 is 
considered the most important conifer forest pest in the world (Sutherland and 
Webster, 1993). For over one hundred years, the PWN has been introduced 
due to human activities into countries like Japan, China, Taiwan, South Korea 
and Portugal (Mota and Vieira, 2008). To avoid the proliferation of the disease, 
and by preventing and reducing the effects of this species, an approach 
combining biological, ecological and social sciences, economic policy analysis 
and engineering should be implemented (FAO, 2007). Further introduction 
should also be avoided. But to assure that these measures are properly applied, 
it is necessary to have specialized people in the field that can distinguish the 
symptoms caused by this nematode and by other pests. 
B. xylophilus, is the causal agent of PWD, which affects primarily conifer 
species of the genus Pinus. B. xylophilus belongs to the order Rhabditida (Hunt, 





mycetophagous nematodes which establish phoretic relationships with insects 
and are found in association with decaying wood of conifers (Ryss et al., 2005). 
This nematode is truly a plant parasitic nematode and the most important 
common insect vectors are long-hormed beetles of the genus Monochamus. B. 
xylophilus is indigenous from North America being widespread in natural 
coniferous forests in Canada and in the USA (Sutherland and Peterson, 1999). 
The worst fear of governments towards the PWN is its establishment into 
countries where conifer forests assume great importance and where PWD can 
cause devastating losses (Mamiya, 2004; Shin et al., 2006). The introduction of 
the PWN into non-native areas (outside North America) is associated with trade 
and the global flow of forest products (Bergdahl and Halik, 1999; Webster, 
2004). Many Bursaphelenchus species, including the PWN, have been routinely 
intercepted in packaging and wood products in several countries, e.g. Austria 
(Tomiczek et al., 2003), China (Gu et al,. 2006), Finland (Tomminen, 1991), 
Germany (Braasch et al., 2001) and Brazil (Oliveira et al., 2011). Furthermore, 
the recent detections of PWN in packaging wood imported from countries 
considered free of this pest, due to the repeated use and circulation of this type 
of wood material, e.g. Brazil, Belgium, Italy and Spain (Gu et al., 2006), 
stressed the importance of trade globalization for the potential 
entry/establishment of this pathogen into endemic forests worldwide. The 
introduction of this nematode into non-native areas has resulted in huge annual 
losses due to the effects on increased mortality and growth loss of the pine 
forest, and by the increased costs in management procedures and disease 
control (Mamiya, 2004; Shimazu, 2006). In addition, the introduction of this pest 
has resulted in vast and irreversible changes to native forest ecosystems 
including tree species conversions, wildlife habitat destruction, soil and water 
conservation and loss of biodiversity (Kiyohara and Bolla, 1990; Suzuki, 2002; 
Mota and Vieira, 2008). The PWN has already been established for more then 
100 years in Japan (Yano, 1913), and in the past two decades the new reports 
of PWD came mainly from East Asia (Cheng et al., 1983; Yi et al., 1989) and 
Europe (Mota et al., 1999; Abelleira et al., 2011).  
B. xylophilus was detected for the first time in Portugal in 1999 (Mota et al., 





30 km SE of Lisbon. Recently, it was detected in Spain as well (Abelleira et al., 
2011; Robertson et al., 2011). During approximately 10 years, the PWN was 
thought to be confined to the Setúbal Peninsula. After its detection in 1999, a 
national program (“Programa Nacional de Luta Contra o Nemátode da Madeira 
do Pinheiro, PROLUNP”), has been implemented to ensure the restriction of the 
disease in Setúbal Peninsula, but despite efforts implemented by the 
Portuguese authorities in controlling and eradicating this quarantine nematode, 
in 2008 new outbreaks of the disease were established  in the center part of the 
country (Rodrigues, 2008), and more recently in Madeira Island, 1000 km SW of 
continental Portugal (Fonseca et al., 2012). It is fundamental to determine the 
origin of the new isolates and their spread routes, to prevent further spread of 
the disease in Europe. 
B. xylophilus is listed as a harmful organism to plants and plant products by 
European Union (Annex II, Council Directive 2000/29/EC of May 2000) 
(Rodrigues, 2008). Due to the difficulties on morphological identification of 
nematodes that are found in trees and wood materials, it became of extreme 
importance to develop and determine the most suitable molecular marker to 
identify and discriminate nematodes species and B. xylophilus populations. For 
that purpose, and despite other actions, several molecular markers have been 
used in the last two decades with the goal of determining a suitable molecular 
marker that can be used to study intraspecific variability of different geographic 
isolates and compare them with foreign isolates to understand their spread 
routes and establish the infection origin(s). Sequence analysis of specific 
regions of genomic DNA has proven to be an effective approach for species 
identification and to determine inter and intraspecific variability in the genus 
Bursaphelenchus (Cheng et al., 2008). With the release of the entire genome 
sequence of B. xylophilus it will be a challenge to discover novel and suitable 
markers to study intraspecific variability determine pathways of disease spread 







V.2. Bursaphelenchus  xylophilus 
V.2.1. PWN geographical distribution and hosts. Introduction in Portugal 
an the European Union  
A few number of species have been reported in South Africa, associated with 
plantations of pine species, due to the worldwide distribution of the genus 
Bursaphelenchus, with the majority of the species being distributed in the 
northern hemisphere (Ryss et al., 2005; Hunt, 2008; Braasch et al., 2009, 
2007). B. xylophilus, is native from North America where is distributed 
throughout Canada and USA (Sutherland and Peterson, 1999), with an 
additional report from Mexico (Dwinell, 1993) (Fig.VI1.). In native host species 
of North America the nematode does not cause PWD, since the pine species 
has co-evolved with the nematode becaming resistant/tolerant to its presence 
(Kiyohara and Bolla, 1990), except in some exotic Pinus spp. plantations 
(Evans et al., 1996). The introduction and spread of this species in new 
countries outside its native origin, is associated with its high phenotypic 
plasticity connected with its excellent capacities to adapt to new environments, 
host trees (long starvation periods) and dispersion strategies (phoretic 
association with an insect) (Mamiya, 1984). The establishment and spread of 
PWN in non-native areas is associated with appropriate environmental 
conditions, such as mean summer temperature above 20ºC, the presence of 
host trees (mainly Pinus spp.), and the presence of an insect vector (usually a 
Monochamus species) (Evans et al., 1996). Besides pines, the PWN can also 
be found associated with other conifers of the genera Cedrus Trew, Larix Philip 
Miller and Picea Link (Wingfield et al., 1982a, 1982b; Dwinell, 1997).  
The introduction of the PWN outside North America has been promoted through 
the years by human activity, as a consequence of export of untreated wood and 
wood products which are used for transportation (Webster, 2004; Mota and 
Vieira, 2008). In Japan, the disease is assumed to be present due to an 
accidental introduction by means of contaminated wood products from the USA 
in the beginning of the 20th century (Yano, 1913). However, only in 1971 PWN 
was associated with the high mortality of Japanese black pine (P. thunbergii 





Tokushige, 1971) (Fig.VI1.). During the eighties it was found for the first time in 
China, associated with Japanese black pine, in Nanjing (Jiangsu Province) 
(Cheng et al., 1983) (Fig.VI1.). The disease spread among different regions of 
the country mainly due to human factors (Yang, 2004). In Taiwan, the first 
report of PWN occurred in 1985, in luchu pine (P. luchuensis Mayr.) and in 
Japanese black pine (Fig.VI1.). In South Korea it was detected in 1989, also 
associated with Japanese black pine and Japanese red pine (Yi et al., 1989) 
(Fig.VI1.). During the first years the disease was controlled, but in 1997 the 
infection spread all over the country becoming the major forest pest in the 
country (Shin et al., 2006). 
In 1999, B. xylophilus was found associated with P. pinaster in the Pegões 
region in Portugal (Mota et al., 1999), the first detection of PWN in Europe 
(Fig.VI1.). The insect vector associated with the nematode was M. 
galloprovinciallis, a longhorn cerambycid beetle (Sousa et al., 2001). After the 
initial detection, a national survey was carried out in pine forests, and a 
quarantine area was established in the Setúbal Peninsula (ca. 30km SE of 
Lisbon). Following evaluation of the situation in Portugal, several measures 
have been taken according to the recommendations of the European 
Comission´s Permanent Phytossanitary Committee. Procedures to avoid the 
dispersion of the disease have been adopted and implemented since 1999: 
elimination of declining symptomatic trees, surveys to evaluate and identify 
symptomatic pines, control of the insect vector population and control of 
movement of coniferous wood all over the country. P. pinaster is the only 
conifer species in Portugal that is so far known to be affected by the nematode 
and it covers 8.8x105 ha of the entire country, representing an economically 
important asset in wood materials (DGRF, 2007). Phytossanitary measures 
conducted in the meantime have affected the industries that depended on wood 
material (Mota and Vieira, 2008) with a loss of 700 thousand maritime pine 
trees. During the national survey in the spring of 2008, B. xylophilus was 
detected outside the quarantine area, in the districts of Arganil and Lousã, in the 
center of Portugal. This new detection again led to new phytossanitary 
procedures (MADRP 2008a). In June 2008, an official publication from the 





outside the previous restriction area and defined the entire national territory as 
affected and restricted zone, concluding that phytossanitary measures had not 
been successful in prevention of the disease spread (MADRP, 2008b). 
Currently, PWN is present in a large area located in the center of the country, 
but also in Setúbal region. More recently, 2010, it was detected in Madeira 
Island (Fonseca et al., 2012). In 2010, the presence of the disease was also 
confirmed in Northern Spain (Galicia) (Abeleira et al., 2011) (Fig.VI1.). The 
current situation in Portugal assumes great importance because of the 
economical impact to the forest industry, but also due to the massive 
destruction of pine trees in the initial affected area – Setúbal Peninsula. At 
present, B. xylophilus, is listed as a harmful organism to plants or plant products 
by the European Union (Annex II, Council Directive 200/29/EC of 8 May 2000). 
Its introduction and spread within any member state must be avoided. Its 
presence in the territory of a member state obliges the country to notify the 
partners and to adopt immediate safeguard measures (Mota and Vieira, 2008).  
 
Figure.V1. Worldwide distribution of Bursaphelenchus xylophilus (Adapted by 






V.2.2. PWN bio-ecology 
B. xylophilus has a complex life cycle, having both a phytophagous 
(transmission during feeding) and mycophagous (transmissions during insects 
oviposition) phase of development. The most important vectors of the PWN are 
beetles belonging to the genus Monochamus Dejean (order Coleoptera, family 
Cerambycidae). In Portugal, the only known vector is Monochamus 
galloprovincialis Olivier (Sousa et al., 2001, 2002) which has established with 
the nematode a phorectic association during its feeding on healthy trees and 
oviposition on dead pines. 
The insect transports the nematode in its elytra (wing cases) and in the 
tracheae (breathing tubes). During maturation feeding on healthy pines 
(Fig.VI2.), the nematode is transmitted and spreads through the plant vascular 
system and resin canals, and begins to feed on epithelial cells and living 
parenchyma – phytophagus phase (Mamiya, 1984; Kishi, 1995). The nematode 
continues its life cycle, composed of four stages of propagative juveniles, which 
finally moult to an adult male and female stage (Fig.VI2.). The several stages of 
PWN includes a first juvenile stage (DL1) completed inside the egg, followed by 
hatching as second-stage juveniles (DL2) and proceeding through three moults 
prior to becoming adults (Mamiya, 1975). Under favourable climatic conditions, 
such as suitable temperatures (aprox. 20ºC), the nematodes multiply quickly 
and complete its life cycle from egg to adult in six days, each female can laying 
between 80 and 150 eggs during an oviposition period of 28-days (Mamiya, 
1975). Nematodes block water conductance through the xylem inducing 
tracheid cavitation, thus contributing to plant death. Declining or dead trees, 
constitutes an attractive environment for insect oviposition during which 
nematodes enter the tree by oviposition slits in the bark. The trees needles 
progressively acquire a yellowish to brown coloration, due to the shut down of 
photosynthesis, and with  tree death different species of fungi develop in the 
wood (Mamiya, 1984), becoming a major food source for the PWN. B. 
xylophilus can develop through two distinct pathways as “propagative” or 
“dispersal” life cycles, the first two juveniles stages (named L1 and L2) being 





propagative pathway, moults to the third (L3) and fourth (L4) juveniles stages 
and finally the adult stage (Fig.VI2.). When environmental conditions are not 
favourable (such as low temperatures, high or low moisture or absence of 
adequate food), the nematode switches to its dispersal pathway, the third and 
fourth stage juveniles now being referred to as DL3 and DL4.  
Natural dispersion of the PWN is due to the insect vector which emerges, as 
young adults, from the dead tree carrying B. xylophilus. Prior to vector 
emergence, the nematodes DL3 begin to surround the pupal chambers in the 
Spring and eventually molt into DL4, which is a specialized non-feeding and 
dispersive stage - dauer juveniles or dauer larvae. The nematodes are attracted 
to the insects pupal chamber and enter into the insects natural openings such 
as the spiracles (Linit et al., 1983), in numbers which vary from a few hundred 
to as high as many thousands inside the body of each insect. The transmission 
of PWN to a new tree host can occur by maturation feeding or by oviposition 
activity of the adult Monochamus females (Linit, 1988). Transmission through 
maturation feeding occurs after emergence of the young adults, as the insects 
fly to feed on the branches of healthy pine trees and inadvertantly infect them 
with the nematode when the DL4 leave their body and enter the host through its 
feeding wounds (Mamiya, 1984; Linit, 1990). The mechanism involved and the 
chemical cues responsible for this are still largely unknown. Transmission 
through oviposition takes place when the female insects lay their eggs on dead 
or weakened trees, and nematodes (D4) leaves the insects body and entering 






Figure.V2. Life cycle of the nematode, Bursaphelenchus xylophilus, and the 
pine wilt disease (From Kikuchi et al., 2011). 
 
VII.2.3. Taxonomy of B. xylophilus 
Nematodes in the genus Bursaphelenchus are mycophagous or plant parasitic, 
or both, and have been considered a potential risk to cultivated plants, 
especially conifers, since the end of the 1970s. The genus contains two virulent 
plant pathogens, the PWN B. xylophilus, and the red-ring nematode B. 
cocophilus, causative agent of red-ring disease in palm trees. To date, almost 
100 Bursaphelenchus species, usually associated with coleopteran beetles, 
have been described (Hunt, 2008; Ryss et al., 2005), especially in Europe 
(Braasch, 2001) and the USA (Massey, 1974); however, because of the finding 
of the PWN in Portugal (Mota et al., 1999), the practical importance of the 





Due to the large number of plant parasitic nematode species (over 3 000), a 
precise and rapid identification is crucial in applying correct and preventive 
measures in a timely manner and thus avoiding economical loss. Compared to 
other groups of plant pests, nematode identification has always been difficult 
because these organisms lack conspicuous and discriminating morphological 
characters for each species (De Ley and Blaxter, 2002). One other problem is 
that often we only have juveniles for identifying and they lack the morphological 
characteristics of the species.  
Identification can be made by classical methods, with time consuming 
observations and measurements under a light microscope (Burrows, 1990). 
These observations require specialized taxonomists. However, observations 
can lead to misidentification; furthermore, species simply cannot be precisely 
identified due to the low resolution achieved by the light microscope, not 
sufficient to distinguish some important morphological characters for separating 
lower taxonomic levels. Despite their great importance, morphological 
characters do not have sufficient discriminatory power for detailed inter- or 
intraspecific taxonomy and, therefore, the use of molecular and biochemical 
techniques, based on differences in proteins, lipids, and nucleic acids, has 
become an important complement to traditional morphological studies. It has 
now been extensively and routinely used for over 30 years on nematode 
identification due to the revolutionising potential to establish inter and 
intraspecific relationships between nematode species and populations. 
Molecular methods are highly specific and capable of detecting and identifying 
closely related species, and also have the ability to determine particular genetic 
properties, establish infection pathways and spread routes of the disease. 
(Burrows, 1990; Metge et al., 2006; Vieira et al., 2007). Molecular techniques 
are also very important because with them we can establish phylogenetic 
studies and inferences, which may allow us to reconstruct the evolutionary 
pathways of the PWN and other economic important nematodes. 
Reliable species identification and phylogenetic relationships among isolates 
within the genus Bursaphelenchus has been achieved using different molecular 





genomic DNA (Abad et al., 1991; Bolla et al., 1998), DNA sequencing 
(Beckenbach et al., 1992; Iwahori et al., 1998; Metge et al., 2006; Ye et al., 
2007), RAPD (Irdani et al., 1995; Metge and Burgermeister,  2006; Vieira et al., 
2007) and RFLP (Iwahori  et al, 1998; Burgermeister et al., 2005; Lange et al., 
2007). 
Until recently, studies on relationships between species of Bursaphelenchus 
were made by using morphology of the male spicule, female tail shape and the 
number of incisures in the lateral field (Braasch, 2001; Ryss et al., 2005).  
Recently, Metge et al., in 2006 inferred phylogenetic relationships among 
species of the genus Bursaphelenchus using molecular methods characterizing 
the ITS1, 5.8S and ITS2 sequences of rRNA. It is clear that using both 
approaches - morphological observation and molecular techniques - we can 
obtain a precise identification of the species and establish taxonomic 
relationships with other species and isolates (interspecific and intraspecific 
relationships). 
For example, in the case of the two most similar species belonging to the 
“xylophilus-group”, B. xylophilus and B. mucronatus, the species can only be 
distinguished by morphological characters when females with rounded tail are 
present, indicating the species as being B. xylophilus (Braasch, 2001). But often 
wood samples may only contain juveniles and males, or just juveniles, or 
females with a mucronated tail, and in that case we cannot distinguish if we 
have one or both species. In such cases, molecular studies are the only method 
that can make a precise diagnosis. Ideally, we should combine both methods, 
but it is clear that for a rapid and precise diagnosis, molecular techniques are 
the solution for the answers that we need: accurate and faster. 
 
V.2.3.1. Taxonomy and morphological identification 
The genus Bursaphelenchus was established in 1937 by Füchs, grouping 
nematodes previously included in the genus Aphelenchoides Fisher, 1984. 
However, taxonomic classification of this genus has not always been consistent, 





Tylenchida and suborder Aphelenchina (Nickle, 1970; Luc et al., 1987; 
Maggenti et al., 1987; Nickle and Hoper, 1991). According to Hunt (1993), the 
genus Bursaphelenchus is a member of the Family Parasitaphelenchidae, 
Superfamily Aphelenchoidoidea, Suborder Aphelenchina, Order Aphelenchida. 
In 2008, Hunt produced a checklist of the Aphelenchoidea and proposed the 
inclusion of these nematodes in the order Rhabditida, suborder Tylenchina, 
superfamily Aphelenchoidea, Family Aphelenchoididae and subfamily 
Parasitaphelenchinae. These changes in the higher taxa took into account new 
molecular data presented over the last decades, following the proposals of De 
Ley and Blaxter (2002).  
B. xylophilus, was first described in 1934 from the United Stated and named 
Aphelenchoides xylophilus Steiner and Bührer, 1934. The species was 
transferred to the genus Bursaphelenchus by Nickle in 1970. The genus 
Bursaphelenchus includes nematodes that establish phoretic associations with 
insects and dead or dying trees, mainly conifers. The genus includes fungal 
feeders either transmitted to dead or dying trees during insect oviposition, or to 
healthy trees during insects maturation feeding (Hunt, 1993). Most 
Bursaphelenchus species are free living mycophagous species inhabiting soil or 
dead plant material, including dead wood. Many species are also known to be 
entomophilic (phoretic) nematodes.  
Up to the date, the genus comprises at least 100 described species (Hunt, 
2008). In Portugal and until 1999, no knowledge of this genus was available, 10 
species now having been reported for the country, associated with maritime 
pine trees (Hunt, 2008; Penas et al., 2004), including the description of a new 
species, B. antoniae (Penas et al., 2006). 
The economical impact of the PWN reinforced the need for an accurate 
identification of the species. Morphological studies remain the standard method 
for routine identification, being used to group species from the genus 
Bursaphelenchus into smaller and more convenient species groups. Despite the 
clear separation of the members of the “xylophilus-group” (B. baujardi Walia, 
Negi, Bajaj and Kalia, 2003; B. conicaudatus Kanzaki, Tsuda and Futai, 2000; 





2005; B. crenati Ruhm, 1956; B. kolymensis Korentchenko, 1980; B. luxuriosae 
Kanzaki and Futai, 2003; B. mucronatus Mamiya and Enda, 1979; B. 
singaporensis Gu, Zhang, Braasch and Bürgermeister 2005; B. xylophilus 
Steiner and Bührer, 1934) from other groups based on male spicule shape, 
several other taxonomic characters within some species of this group still have 
a difficult identification. Species belonging to “xylophilus-group” are 
characterised by: a narrow spicule; capitulum flattened; condylus small; lamina 
angular in posterior third; and presence of cucullus (except in B. crenati). Within 
the “xylophilus-group”, B. xylophilus can be separated from the other species 
mainly by spicule rostrum-calomus junction angular, male tail terminus (lateral 
view) pointed and female tail terminus broadly rounded (Ryss et al., 2005; 
Braasch et al., 2009). Therefore, B. xylophilus can be distinguished 
morphologically from other species, using three morphological characters: a 
distinct vulval flap (Fig.VI3B.), a rounded tail terminus in the females 
(Fig.VI3D,F.) and the characteristic shape of the male spicule (Fig.VI3E.) 
(Mamiya, 1984). Specific identification can be difficult because of the existence 
of two distinct morphological forms of PWN, denominated the “r” (round) and 
the “m” (mucronate) forms, which can be separated by the shape of the female 
tail (Dwinell, 1997; Fonseca et al., 2008). The taxonomic separation from its 
closest species, B. mucronatus, is made by the presence of a mucron in the tail 
of females of B. mucronatus (Mamiya and Enda, 1979; Webster et al. 1990). 
Because of the difficulties to distinguish these two species, the use of molecular 
techniques are of major importance (Bürgermeister et al., 2005) and with this 






Figure.V3. Bursaphlenchus xylophilus. A, Anterior part; B, Female body (vulva 
with flap); C, Mail tail; D, Female tail; E, Spicules; F, Female tail. (From Penas 







V.2.3.2. Molecular classification 
The use of molecular tools became a valuable instrument for species and sub-
specific separation of the genus Bursaphelenchus, due to the limitations of 
morphological observations mentioned above. Initially, molecular methods were 
used for species identification, but with the spread of the disease, the main goal 
has been to determine a molecular marker that allows the establishment of 
intraspecific variability between different geographic isolates and to determine 
infection points and spreading pathways. The first methods used for 
Bursaphlenchus species and isolates identification were based on protein 
profiles (Hotchkin and Giblin, 1984) and enzyme electrophoresis (Guiran et al., 
1985). Immunological approaches have also been used for specific-species 
identification, using polyclonal antibodies that could differentiate specific 
antigens of certain B. xylophilus isolates (Lawer and Harmey, 1993), as well as 
monoclonal phage antibodies (Fonseca et al., 2006). 
The study of genetic variation were first studied by Bolla et al. (1998), that try to 
differentiate B. xylophilus pathotypes using total genomic DNA restriction and 
hybridization. Abad et al. and Tàres et al., studies showed that hybridization and 
satellite DNA (Abad et al., 1991; Tàres et al., 1994), offers a reliable 
characterization of the species, and the differentiation of specific and 
intraspecific groups. Following the objectives of  determine genetic diversity of 
geographical isolates, the following molecular methods have been applied: 
sequence of heat shock protein genes hsp70 (Beckenbach et al., 1992), 
sequence of rRNA ITS regions (Iwahori et al., 1998, 2000; Beckenbach et al., 
1999; Zhang et al., 2001; Kanzaki and Futai, 2002a,b), sequence of D2D3 
region of the 28S rRNA gene (Zheng et al., 2003; Ye et al., 2007) and RAPD 
analysis (Kusano et al., 1999; Zhang et al., 2002; Zhang et al., 1999). 
Intraspecific variation study using DNA coding regions, such as D2D3 region of 
the 28S rRNA gene and cytochrome c oxidase from mtDNA, seems to be not a 
good choice, because they are conserved regions within the species. Intergenic 
spacer region (IGS) of the 5S rRNA, a region between the LSU and SSU (small 
subunit of ribosome) rRNA genes, is a highly variable sequence, even between 





used to study interspecific relations. More recently, ISSR have been used by 
Metge et al., (2006) to study intraspecific variation and determine genetic 
diversity. This method was introduced in 1994 (Zietkiewicz et al., 1994), 
predominantly applied to plants (Reddy et al., 2002), but for similar studies in 
animals ISSR polymorphisms have already been demonstrated to be useful in 
analyzing the pathway of introduced species (Abbot, 2001; Metge et al., 2006). 
Simple sequence repeats (SSRs) are short hypervariable sequences distributed 
across eukaryotic genomes that represent good markers for studies of 
populations of one species (intraspecific variability) (Abbot, 2001). ISSR 
provides informative markers because they are highly polymorphic. ISSR 
markers are typically highly reproducible, due to stringent annealing 
temperatures, long primers, and low primer-template mismatch (semi-arbitrary 
primers that anchor on SSR loci) (Jones et al., 1997). 
In recent years, due to a high copy number in individual cells, lack of 
recombination and strict maternal inheritance, mitochondrial genes (mtDNA) 
have been used  as markers  for diagnosis and to study intraspecific variation 
(Madani et al., 2010). More recently, mtDNA has been used to study genetic 
relationships among Peruvian and Canadian populations of Globodera pallida 
and to identify the origin of this species (Madani et al., 2010; Picard et al., 2007; 
Plantard et al., 2008). Cytb was used and proved to be a good marker to solve 
intraspecific variability between G. pallida populations (Plantard et al., 2008). 
PWN is a unique plant parasite that uses an insect vector, a cerambycid beetle, 
particularly Monochamus spp. (Akbult and Stamps, 2011), to be transmitted 
from one tree to another. Like all plant parasitic nematodes posses a structure 
called stylet, used to penetrate the wall of the plant cell. The stylet allows the 
nematode to remove cell contents during nematode feeding and to introduce 
secretions into plant tissue. Secretions of the nematode stylet are produced in 
the esophageal gland cells, and play an important function in plant parasitism. 
The glands developed and increased their size as nematodes evolved from 
bacterial feeders to parasites of plants. B. xylophilus is different from other plant 
parasitic nematodes, because it parasitizes the aboveground parts of the trees, 





basically a fungal feeder using the insect as a phoretic mean to reach the tree. 
All these factors imply that the PWN should have a set of parasitic genes, 
distinct from the major plant parasitic nematodes, such as cellulase genes. 
Cellulose is a carbohydrate polymer, being the major component of plant cell 
walls and consequently cellulases (endo-ß-1,4-glucanases) are produced by 
many plant pathogens including bacteria and fungi (Zhao et al., 2005; Smant et 
al., 1998). The ability to break down cellulose, is a major problem for plant 
parasitic nematodes as few animals can produce the required enzymes 
(cellulases). Previous work has shown that other plant parasitic nematodes, 
such as Heterodera, Globodera and Meloidogyne species have acquired 
cellulases from bacteria. However, in spite to be a plant parasitic nematode, B. 
xylophilus cellulases seems to have been acquired independently from fungi 
(Kikuchi et al., 2004).  
Endogenous cellulase genes have been identified in obligatory plant-parasitic 
nematodes, such as Heterodera, Globodera and Meloidogyne species (Smant 
et al., 1998; Rosso et al., 1999; Goellner et al., 2000) being produced in 
esophageal gland cells and secreted through the nematode stylet during 
penetration in plant tissues (Zhao et al., 2005, Smant et al., 1998; Rosso et al., 
1999). The protein encoded by these genes belongs to the glycosyl hydrolase 
family (GHF), being similar to GHF5 cellulases from bacteria. Cell wall 
degradating enzymes found in plant parasitic nematodes are thought to have 
been acquired via lateral gene transfer (LGT) because similar genes are absent 
in almost other nematodes and because they are most similar to genes from 
bacteria and fungi (Jones et al, 2005). GHF5 has been found in plant parasitic 
nematodes such as Meloidogyne, Globodera and Heterodera. Recently, GHF45 
has been detected in Pristionchus pacificus (Dieterich et al, 2009), but 
phylogenetic analysis showed that this GHF45 was not close to those found in 
Meloidogyne, Heterodera and Globodera. The GHF45 was detected in B. 
xylophilus and has not been found in any other nematode genus being more 
similar to those from fungi, this it has been hypothesized that they can have 
been acquired via LGT from fungi (Xie et al., 2009; Kikuchi et al., 2004). The 
absence of GHF5 genes in B. xylophilus and the absence of GHF45 in other 





important role in the evolution of plant parasitism in nematodes (Kikuchi et al., 
2011). Cellulase genes are parasitism genes of plant parasitic nematodes, 
important to B. xylophilus because it hydrolyses cellulose from the plant cell wall 
facilitating parasitic activity and penetration of the nematode inside the tree, but 
also influencing nematode feeding, development and propagation on fungal 
mats (Cheng et al., 2010). This factor, together with the fact that B. xylophilus is 
also a fungal feeder, take investigators to consider that this nematode has a set 
of parasitic genes, distinct from the major plant parasitic nematodes, such as 
cellulase genes. 
Previous studies of Ma et al. (2011) shows that when the gene that expresses 
cellulose is silenced, the dispersal activity and propagation of B. xylophilus 
inside the tree drecrease, and so, cellulose must be a potential marker to be 
considered in the analysis of genetic diversity of PWN. Sequence analysis of 
the cellulase genes allowed species identification as well as intraspecific 
variability evaluation within the genus Bursaphelenchus (Cheng et al., 2008, 
2010).  
The recent release of the full B. xylophilus genome sequence (Kikuchi et al., 
2011) may unravel new molecular markers to study intraspecific variability to 
determine pathways of disease spread and follow the evolution of introduced 
isolates. Furthermore, recent studies on mitochondrial DNA sequencing (A. 
Amorim, personal communication) should be considered to evaluate the 
potential of mtDNA and its different genes for phylogenetic and biodiversity 
studies. 
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Chapter VI. Study of the genetic diversity of geographic 
populations from continental Portugal and Madeira Island 
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Chapter VII. Final discussion and future perspectives 
VII.1. Final discussion and future perspectives 
For millions of years the distribution of the world´s biota depended on natural 
barriers. However, with the increase of globalization and the breaking down of 
geographic limits, new biological invasions emerged, becoming a global issue, 
due to the changes caused in the colonized environments and its economical 
impact. 
The present thesis used to different biological models, one representing 
harmful/damaging nematodes - Bursaphelenchus xylophilus, and the other 
beneficial nematodes – entomopathogenic nematodes (EPN). Both nematodes 
belong to the Order Rhabditida, representing the large diversity and potential of 
this Phylum. 
The pinewood nematode (PWN), B. xylophilus, is native from North America 
(Kanzaki and Futai, 2002) and widely distributed along Canada, USA and 
Mexico (CABI/EPPO, 1999), where it has co-evolved with the different North 
American pine species, during millions of years, therefore causing no disease. 
North America is probably the region where B. xylophilus populations have the 
highest genetic diversity (Vieira et al., 2007). 
The spread of B. xylophilus to non-native areas occurs as a result of human 
activity, due to the exchange of wood products carrying the nematode and/or 
the insect vector, used in international trade. Once B. xylophilus is introduced 
into a non-native area, preventive measures have to be applied by removing 
dead or dying trees or by selecting resistant trees. Any uncut wilted tree and 
untreated dead wood can be a reservoir of nematodes for the following year 
(Evans et al., 1996; Jones et al., 2005; Gu et al., 2006). 
In forest ecosystems, B. xylophilus is considered one of the most important 
pests with a worldwide distribution. The main fear of PWN establishment into 
countries where conifers forests assume great importance is connected with the 
devastating effects of this nematode in pine trees (Shin and Han, 2006). The 
damages caused by this invasive species are well demonstrated in non-native 




areas, where the disease is already established, e. g., Japan and China (Yang, 
2004; Shimazu, 2006) causing huge annual losses in economy, but also 
irreversible changes to the native ecosystems (Suzuki, 2002). 
In Portugal, the disease was firstly diagnosed in 1999 (Mota et al., 1999), being 
restricted to Setúbal Peninsula until 2008. After 2008, new outbreaks in the 
north and center part of the country were detected, and more recently in 
Madeira Island. With this current scenario, the greatest fear is the danger of 
spread of the disease, which depends mainly on the efficacy of phytossanitary 
measures on the insect vector, Monochamus galloprovinciallis, and the host 
pine tree, Pinus pinaster (Rodrigues, 2008). 
The research developed in this thesis contributed to the molecular 
characterization of Portuguese populations of B. xylophilus from 1999 until 
2010, and to understand the possible origins of the new outbreaks of the 
disease since 2008 to avoid future infection and design new phytossanitary 
measures. These studies represent the first comprehensive analyses using 
Portuguese isolates from the different geographic locations including the initial 
affected area where the disease was detected in 1999 and restricted until 2008 
(Setúbal Peninsula), as well as the new outbreaks in the north and center of 
continental Portugal, to where the disease spread after 2008. Isolates from 
Madeira Island were also included in the studies, representing the infection 
detected during 2010. 
To achieve our purpose, cytb and cellulase genes, as well as IGS from rRNA 
and ISSR fingerprints were used as markers to evaluate the intraspecific 
variability of Portuguese isolates compared with USA, Japan, China and Korean 
isolates. Cellulase and cytb genes were used for the first time to determine 
genetic diversity among B. xylophilus populations.  
Using IGS sequencing, intraspecific variability among Portuguese isolates of B. 
xylophilus was not detected, being not possible to group isolates according to 
their geographic origin. IGS markers, as well as ITS sequence analyses only 





In the dendrogram obtained from the ISSR fingerprint analysis, all Portuguese 
isolates collected until 2008 group together, indicating lack of genetic diversity 
and suggesting a single introduction from Asia, which is in agreement with the 
results of Vieira et al. (2007). Observing the distribution of isolates collected 
during 2009-2010 in continental Portugal, there were isolates grouping with 
those previously collected until 2008, suggesting a spread of the disease from 
the initial affected area to new outbreaks, which may have occurred with great 
probability considering the heavy traffic of vehicles carrying wood products from 
the Lisbon-Setúbal area to the center and north of Portugal, where a number of 
industries process pine wood for furniture. On the other hand, there are isolates 
that grouped apart, suggesting a new introduction in continental Portugal, 
possibly from a much diverse population than the one that infected Portugal in 
1999. The bands shared between Portuguese isolates and North American, do 
not exclude the possibility of part of the new population in Portugal (2009-2010) 
have an North American origin. 
The results obtained with the Madeira Island isolates suggest a high genetic 
diversity of B. xylophilus population in the island, suggesting the possibility of a 
new introduction in the island but also that at least, part of the Madeira 
population is related to the mainland population. 
Using cytb and cellulase genes with the goal of characterizing Portuguese 
geographic isolates and understanding the spread routes of the PWD, our 
results agree with the results that we previously obtained with ISSR fingerprints 
(Valadas et al., 2012a) and with previous studies of Vieira et al., 2007, in 
suggesting a possible Asian origin for Portuguese isolates. The clustering of 
Portuguese isolates with different Asian isolates may suggest more than one 
introduction of the PWN in Portugal from Asian origin. However, the low 
resolution obtained with cytb, prompted us to use the cellulase gene, in an 
attempt to find a better genetic marker. In the cellulase phylogenetic analysis, 
Portuguese and foreign isolates group together in the same large cluster 
(Valadas et al., 2012b). It was possible to observe some genetic diversity 
among isolates showing that cellulase sequences are more discriminative to 
study intraspecific variations than cytb sequences. However, no clear grouping 




of Portuguese isolates according to their geographic location or year of 
collection is observed (Valadas et al., 2012b).  
Although the results on PWN intraspecific diversity provided important 
information on the new outbreaks, more studies should be undertaken with 
more foreign isolates. This study used a limited number of PWN isolates, 
particularly from the foreign countries. Whenever possible, a higher number of 
isolates should be used, ideally representing the entire country, because the 
entrances of disease into non-native areas may have occur more than one time 
and in different locations. It should also be guaranteed that each isolate is 
collected from just one infected tree, and if possible, process the analysis, 
before isolates are maintained in culture to avoid the possibility of DNA 
changes.  
On the other hand, the choice of the marker is very important. Fingerprints, 
such as ISSR seem to be a good choice to evaluate genetic diversity because 
the entire genome is analyzed. However, this is a time consuming technique 
and its results are difficult to exchange between different laboratories. The 
sequence of DNA regions exceed the limitation of fingerprints but a specific 
region of DNA that may not provide sufficient phylogenetic information. In the 
present work, however, ISSR fingerprint were the technique with better 
resolution in the study of intraspecific diversity, as well as the cellulose gene. 
EPN are lethal parasites of insects and a potential alternative to insecticides as 
biocontrol agents (Köppenhofer et al., 2000). With the increase of the use of 
chemical control in environment, and the development of resistance by insect 
pests, the search for an alternative way to eliminate pests and to preserve 
environmental conditions promote the development of EPN studies and 
biodiversity understanding. The study of their genetic diversity is extremely 
important because new species and/or isolates may be useful as biological 
control agents against agriculturally important pests and because they are 
worldwide distributed. The recovery and identification of indigenous EPN 
isolates is of major importance, due to differences in strain virulence, 
environmental conditions that may affect their survival, reproductive potential 





The present study aimed to understanding the natural occurrence of EPN in 
continental Portugal, representing the most systematic and extensive survey 
made for the first time in continental Portugal to evaluate the indigenous 
species of EPN. The study involves a large diversity of habitats and ecosystems 
covering the whole territory of continental Portugal. The species identified 
provided the first information on the richness and diversity of the native EPN 
fauna in continental Portugal, thereby opening up the possibility of investigating 
the use these species as biocontrol agents. 
A total of 791 soil samples were collected in continental Portugal, with the 
additional information of altitude, vegetation and soil type, as well as moisture 
and temperature from the closest meteorological stations for each sample. 
The recovering rate of EPN in continental Portugal was 6.7% of sampling sites, 
with the identification of five different species from the entire country: S. feltiae, 
H. bacteriophora, as the two most abundant species in the country, together 
with S. kraussei, S. intermedium and Steinernema sp. The occurrence of S. 
feltiae and H. bacteriophora as the two most abundant species in continental 
Portugal, suggests the potential role of these nematodes in natural regulation of 
insect populations. 
According to vegetation type, natural habitats present a higher percentage of 
positive samples, compared to agricultural ones, since in agricultural regions 
the chemical control to insect pests partially reduces the abundance of natural 
biocontrol agents, like EPN. Stock et al. (2008) also claimed the higher 
abundance of EPN in natural habitats like forests.  
EPN recovery percentage does not present any relationship with soil type, 
temperature, moisture or physical and chemical characteristics. 
S. feltiae has a wide distribution in temperate regions, whilst H. bacteriophora 
typically occurs in regions with continental and mediterranean climates 
(Hominick, 2002). S. feltiae is the most common species found in Europe, and 
in many other parts of the world (for a detailed EPN species distribution see 
Hominick, 2002). The present study shows that S. feltiae is the most common 
and widely distributed EPN in continental Portugal, followed by H. 




bacteriophora. S. feltiae was found in all the five NUT of continental Portugal, 
associated with distinct types of habitats.  
H. bacteriophora, the most geographically widespread species of this genus, is 
a common species in regions with continental and Mediterranean climates and 
it has been reported in different areas of Africa, Asia, Europe, and America 
(Hominick, 2002). In Southern Europe, this species has an abundant 
distribution, and it was found associated with several types of habitats in 
Northern Spain (Garcia del Pino and Palomo, 1996; Campos-Herrera et al., 
2007) and in Southern France (Emelianoff et al., 2008). Based on the 
biodiversity and distribution of EPN's from the Iberian Peninsula and other 
Mediterranean regions, the presence of H. bacteriophora and S. feltiae were 
expected in continental Portugal, specially representing the two most abundant 
species. The three additional species were also identified: S. kraussei, S. 
intermedium and Steinernema sp. glaseri-group. S. intermedium is a common 
species in Spain (Garcia del Pino, 2005), a neighbouring country with climatic 
conditions similar to continental Portugal. S. intermedium appears to have a 
global distribution, having been originally described in South Carolina, USA 
(Nguyen et al., 2007). In Europe this species is known from Germany (Sturhan, 
1999), Czech Republic (Mráček et al., 1999), Spain (Garcia del Pino, 2005) and 
Switzerland (Steiner, 1996). S. kraussei is widely distributed in Europe, having 
been reported in Belgium, Czech Republic, Germany, Sweden, Netherlands, 
UK and Italy (Tarasco et al., 2009). This species is common in European 
woodlands and forest soils (Sturhan et al., 2005). Also, it has been found in 
Canada (Mráček and Webster, 1993) and USA (Stock et al., 2000); it is 
prevalent in woodland habitats (Mráček et al., 2005) and is rarely found in open 
habitats. S. kraussei and S. intermedium were each found at only one site, in 
moors and heathland and mixed forests, respectively. The reason for the low 
recovery of these two species is not known, because both species are common 
in Europe. 
Differences in nematode distribution may be related to differences in the 
distribution of suitable insect hosts and to the species of nematode involved 





occurrence of EPN depends on the presence of many insect hosts. However, 
no information about the natural hosts of EPN in continental Portugal is 
available. 
Accurate identification of EPN has important implications in systematics and 
population genetics and is of major importance for selection of species for future 
use in biological control. The combination of molecular and morphological 
methods is necessary to solve a variety of issues in EPN taxonomy. A recent 
study of phylogenetic relationships among Steinernema species combined 
morphological and molecular methods and showed that most morphological 
features are not phylogenetically informative (Spiridonov et al., 2004) Stock et 
al. (2002) points to the difficulties in using just molecular identification for EPN. 
The species nature of the Steinernema genus is a result of its longer evolution 
history (Adams et al., 2007) and its reproduction patterns of amphimictic and 
hermaphroditic reproduction, make this genus more capable of occupying a 
wide range of habitats than Heterorhabditis (Edgington et al., 2010). The 
geographical and habitat preferences of EPN species in continental Portugal 
may also reflect chance of dispersal events as well as feeding patterns. 
According to our studies, COXI seems to be a good marker to study 
intraspecific variability. In future both molecular data with morphological 
characteristics should be combine in the phylogenetic tree. However, these 
analyses will require a good knowledge of morphological characters and the 
understanding of which characteristics are phylogenetic informative or not. 
As with any surveys, conclusions regarding diversity and biogeography of EPN 
were taken with caution, since the results in part reflect searching effort and 
sampling technique rather than actual numbers and/or habitat preferences of 
EPN. However, this study represents the most comprehensive survey for EPN 
so far carried out in continental Portugal and these results should be taken in 
account in future research, especially in experimental design (number of 
collected samples, prospected habitats, method to recover EPN from soil 
samples, sampling period, insects presence on the sampled habitats, among 
others). 




In the future, surveys must be undertaken, especially in natural habitats, 
because agricultural ones are normally under the effect of pesticides. When soil 
samples are collected, several informations should be taken into account: 
vegetation, soil type, temperature and moisture from that place and the insect 
present in soil sample or associated with the vegetation. In laboratory, soil 
sample should be baited at least to two different temperatures that should vary 
between 15-22/25ºC (Mracek et al., 2005), because each EPN species have 
different requirements, and if possible use other insect vector besides the 
Galleria mellonella. Direct extraction methods can also be used but they require 
a taxonomist expertise.  
Previous studies on EPN have already demonstrated their potential for 
controlling, for example, the Japanese pine sawyer M. alternatus (Phan, 2008). 
However, EPN cannot migrate through the wood; however, when the beetles 
are feeding on the sapwood, they produce sawdust where the nematodes can 
migrate in search of the host (Phan, 2008). In the future it is necessary to 
screen for more effective EPN species and probably to combine control 
measures to obtain better results. It should be taken into account that, M. 
alternatus, associated with PWN, differs in nature, due to its association with 
the pinewood nematode, and must be regarded as an invasive species. This 
means that the pine wilt outbreak will never end without the use of artificial 
intervention (Yang, 2004). 
Control measures for PWD pretend to reduce the application of insecticides 
targeted at larvae of the bark or wood borers inhabiting in dead pine trees. For 
that, some natural enemies have been examined as biological control agents 
against the vector beetle and PWN. Previous studies from Naves et al. 2005 
provided some interesting information on the potential of certain parasitoid for 
the biological control of M. galloprovinciallis. Tapping fungi, applied on 
nematodes and entomopathogenic nematodes applied on the insect vector, 
have also been examined for their ability to control PWN and the vector beetle, 
respectively.  
So far it has proved impossible to control B. xylophilus once it has been 





treatment, that still not have efficient results. Several quarantine treatments for 
wood chips have been proposed by EPPO, but the only known effective 
treatment for wood already infected with B. xylophilus and its vectors appears to 
be heat treatment, in which all parts of the wood reach a temperature of 56°C 
for at least 30 min (Evans et al.,1996).  
 
It should be taking into account that, biological invasion is a process with 
several steps, involving, the transport of the colonizer organisms, its 
establishment, a lag time, a period of expansion followed by the spread of the 
populations. During this period, the invasive species may evolve during both its 
initial establishment but also during its subsequent range expansion, which in 
the case of Portugal can be represented by the period of 2009-2010. Pinewood 
introductions may involve multiple sources and large quantities of the pest, 
which allow considerable variation to be transferred from the colonizer 
population. For all these reasons, it is of extreme importance that in future 
studies, different markers be considered, but more importantly, a good 
representation of geographic isolates from all the countries where the nematode 
is established should be used, otherwise no conclusive results will be achieved. 
Future research still continuing to try to find alternative means of control, such 
as biological control agents for both nematodes and vectors, and in that way, 
our studies on the natural diversity of EPN species in continental Portugal, 
should present an alternative way to control PWD, that in future studies should 
be evaluated. 
 
The recent release of the full B. xylophilus genome sequence (Kikuchi et al., 
2011) is unravelling new molecular markers, like effectors, in a way that they 
are understanding as protein that suppresses host defense responses in order 
to facilitate infection, most of them evolved in parasitism (Haegeman  et al., 
2011). Some of the effectors already identified are produced in esophageal 
gland cells being associated with B. xylophilus locomotion – calreticulin ( Li et 
al., 2011). Furthermore, recent studies on mitochondrial DNA sequencing (A. 
Amorim, personal communication) should be considered to evaluate the 




potential of mtDNA and its different genes for phylogenetic and biodiversity 
studies. 
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